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1.0. INTRODUCTION 
 
 
1.1 BRYOPHYTE RELICTNESS VS. BRYOPHYTE DISPERSAL 
 
1.1.1. Bryophyte dispersal 
 
In recent years the dispersal ecology of vascular plants (Bonn and Poschlod, 1998) 
and bryophytes (Muñoz et al, 2004) has received much attention. The interest has 
occurred as a result of the wide recognition that diaspore dispersal plays a significant 
role in the maintenance of plant populations and colonization of newly created 
habitats, and with the recognition of unexplained genetic differences among species 
with rare sexual reproduction. 
 
In bryophytes which produce spores, they are often produced in large numbers and 
dispersed over long distances by wind (e. g. Miles and Longton, 1992; Stoneburner 
et al., 1992; Marchall and Convey, 1997). However, some dioecious species rarely or 
never produce sporophytes over large areas or not at all (Longton and Miles, 1982; 
Longton and Schuster, 1983). For these species dispersal by vegetative means such 
as specialized propagules and unspecialised gametophyte fragments, may be an 
important or even the only mode of dispersal. It is generally accepted that these 
vegetative bryophyte diaspores generally achieve much shorter dispersal distances 
by wind than do spores, due to their larger size (e. g. Longton and Schuster, 1983; 
Kimmerer, 1991). Since most of the bryophyte propagules do not show spezialization 
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for dispersal, most of the authors consider that they are transported by wind, storms, 
water flows, animals or other unidentified means passively (Muñoz et al., 2004). 
However, the distances and vectors remain obscured for many propagule types and 
many species. One of rarely exploited theory of bryophyte propagules is epizoochory. 
Some authors give very low importance to this theory, since bryophytes have no 
special means of ensuring attachment (van Zanten and Pócs, 1981). With the 
exception the extended study of flies dispersing the spores of splachnaceous mosses 
(Marino, 1991), there have been only few reports of epizoochorous dispersal of 
mosses (Sarafis, 1971; van Zanten and Pócs, 1981; Lloret, 1994; Lewis Smith, 1999; 
Hainken, 2000; Heinken et al., 2001; Ignatov and Ignatova, 2001). However, long 
distance dispersal of bryophytes is still the subject of unclearness and many 
possibility remain since lately evidence of passive long distance dispersal are proven 
even for organisms such as snails or some other organisms not adapted for passive 
transport (e. g.  Uit de Weerd et al. 2005). Heinken et al. (2001) state that slender 
pleurocarpous moss species are commonly found on large mammals and that 
dispersal of bryophytes this way may not be restricted to short distances. There is no 
any evidence of other animal vector so far like fishes, insects, snails, etc. There are 
some considerations of birds as dispersal factor while collecting bryophytes for nests 
(Sernander, 1901; Heintze, 1915; Breil and Moyle, 1976; Davison, 1976), but not 
while birds migrations or range expansions. The transported fragments can function 
as diasporas, epizoochorous transport of unspecialised gametophyte fragments may 
play a significant, but so far under-estimated role in dispersal of bryophyte species, 
especially those without asexual propagules and with rare sexual reproduction. 
 
In most studies considering bryophyte dispersal, there are a lot of assumptions 
without true evidence of spreading (e.g. Schofield, 1985). Spreading vectors are not 
easy to recognize or to measure the distance of spore and diaspore dispersal, as 
well as habitats suitable for new population establishing. However, sporadically there 
is an apparent evidence of rapid long distance dispersal in bryophytes (e.g. Young 
and Kläy, 1971).     
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1.1.2. Bryophyte relicts 
 
Relict plant is a recent but old species that remains from some previous floras. The 
age of species are hard to estimate but data can be obtained from various fossil 
records, habitats they invade, ecology and present geography, etc. There are many 
fossil records for vascular plant species which are considered as relict due to its 
morphology. For bryophytes, the direct confirmation of relictness is rather rare and so 
less knowledge is present on bryophyte relicts. 
Relicts can be categorized by the epoch which they derive from (xerotherm relict, 
glacial relict…) or by the size of range they have at present (endemo-relict or relict of 
wide range). There are very few concrete considerations on relict species among 
bryophytes, although it is widely accepted that the group is ancient.  
Only few studies dealing with various aspects of bryophyte relicts (eg. Steere, 1937; 
Heusser, 1972; Lazarenko, 1974; Obgaard, 1988; Blanár and Šoltés, 2000; Dítě and 
Šoltés, 2002). 
In general, it is accepted that most of the relict species survived Ice Age in the 
Southern European refuges, although lately there are many new proofs that different 
organisms survived in central even northern Europe in so called small refuges or 
cryptorefuges (eg. Torroni et al., 2001; Müller et al., 2003; Hubberten et al., 2004). 
The first evidence for xerotherm relict survived in Middle Europe for bryophyte 
Anacolia laevisphaera are provided by Quandt et al. (2000), at first erroneously 
reported as Bartramia stricta,  although classical approach suggest that all potential 
bryophyte relicts survived in the southern Europe (Herzog, 1926; Gams, 1932; 
Schuster, 1984). 
 
Based on the range sciences and in general of present distribution of bryophytes, 
most of bryologists considered some bryophyte to be of relict origin. The most 
comprehensive views of relicts among bryophytes (Tab. 1) can be found in Frahm 
(2001). There are three groups of bryophyte relicts: glacial (arctic-alpine and boreal 
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species survived in postglacial period in non boreal habitats), xerothermrelicts 
(mostly Mediterranean species survived postglacial warm period (6000-7800 years B. 
P.) in temperate habitats) and tertiary relicts (tropical species mild climate mostly 
Atlantic Europe).  
 
 
Tab. 1. The list of European bryophyte relicts accepted by most of the authors 
(according to Frahm, 2001; changed) 
European bryophyte relicts 
Glacial Xerotherm Tertiar 
Caliergon richardsonii Bartramia stricta Adelanthus decipiens 
Caliergon trifarium Bryum torquescens A. lindenbergianus 
Catoscopium nigritum Campylopus oerstedianus Braunia alopecura 
Chandonanthus setiformis Fabronia ciliaris Calympers erosum 
Cinclidium stygium Funaria muehlenbergii Campylopus shawii 
Helodium blandowii Mannia fragrans C. flexusuosus 
Hilpertia velenovskyi Pleurochaete squarrosa Colura calyptrifolia 
Hymenostylium 
recurvirostre 
Pottia recta Cynclodictyon laetevirens 
Meesia triquetra Pottia starkeana Drepanolejeunea 
hamatifolia 
Mnium cinclidioides Pterygoneurum cavifolium Harpalejeunea molleri 
Paludella squarrosa P. lamellatum Isothecium holtii 
Rhytidium rugosum P. subsessile Jubula hutchinsiae 
Scorpidium turgescens Rhynchostegiella tenella Lepidozia cupresina 
Sphagnum lindbergii Scleropodium illecebrum Leptoscyphus cuneifolius 
Tetraplodon angustatus Spherocarpus texanus Marchesinia mackii 
 Targionia hypophylla Neckera intermedia 
 Tortella nitida Plagiochila killarniensis 
 Tortula atrovirens Teleranea nematodes 
 T. canescens Tetrastichium virens 
 T. inermis Trematodon longicollis 
 T. princes  
 Trichostomum 
brachydontium 
 
 Weissia crispate  
 W. tortilis   
 
When considering relict and rarness of the relict species, as well as genetic 
differences among them, “Nunatak” theory should always be in mind. It means that 
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small populations of relict organism survived Ice Age in small isolated places with 
somewhat more pleasant microclimate and spread or not from that places afterwards, 
when conditions permit (e.g. Fernald, 1925; Belland et al., 1992). The opponent 
theory is long distance dispersal (e.g. Bouchard et al., 1977). Lately, there are 
overlapping results between two, and it seems to be that both hypothesis have 
confirmation (e. g. Brouillet et al., 1998).     
 
1.1.3. About glaciations  
 
Various types of paleoclimatic evidences suggest that the climate of the Earth has 
varied over time. The data suggests that during most of the Earth's history, global 
temperatures were probably 8 to 15° Celsius warmer than they are today (Raymo, 
1994). However, there were periods of times when the Earth's average global 
temperature became cold. It was cold enough for the formation of alpine glaciers and 
continental glaciers that extended into the higher, middle and sometimes lower 
latitudes. In the last billion years of Earth history, glacial periods have started at 
roughly 925, 800, 680, 450, 330, and 2 million years before present (B.P.). Of these 
ice ages, the most severe occurred at 800 million years ago when glaciers came 
within 5 degrees of the equator. 
 
The last major glacial period began about 2,000,000 years B.P. and is commonly 
known as the Pleistocene or Ice Age. During this glacial period, large glacial ice 
sheets covered much of the North America, Europe, and Asia for long periods of time 
(Benn and Evans, 1998). The extent of the glacier ice during the Pleistocene, 
however, was not static. The Pleistocene had periods when the glaciers retreated 
(interglacial) because of mild temperatures, and advanced because of colder 
temperatures (glacial). Average global temperatures were probably 4 to 5° Celsius 
colder than they are today at the peak of the Pleistocene. The most recent glacial 
retreat began about 15,000 years B.P. and is still going on (Jansen and Sjoholm, 
1991). We call this period the Holocene epoch. 
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Today, glacial ice covers about 10 % of the Earth's land surface. During the height of 
the Pleistocene, ice sheets probably covered about 30 %. Currently, the most 
extensive continental glaciers are found in Antarctica and Greenland. We can also 
find smaller glaciers at higher elevations in various mountain ranges in the lower, 
middle, and higher latitudes. 
 
Glaciers can be classified according to size. Continental glaciers are the largest, with 
surface coverage in the order of 5 million square kilometers. Antarctica is a good 
example of a continental glacier. Mountain or alpine glaciers are the smallest type of 
glacier. These glaciers can range in size from a small mass of ice occupying a cirque 
to a much larger system filling a mountain valley. Some mountain glaciers are even 
found in the tropics. The merger of many alpine glaciers creates the third type of 
glacier, piedmont glaciers. Piedmont glaciers are between several thousand to 
several tens of thousands of square kilometers in size. 
 
In North America, the Pleistocene glaciers began their formation in the higher 
altitudes of the Rocky Mountains, and high latitude locations in Greenland and north-
central Canada. From these locations, the ice spread in all directions following the 
topography of the landscape. In North America, the glaciers from the Rocky 
Mountains and north-central Canada met each other in the center of the continent 
creating an ice sheet that stretched from the Pacific to the Atlantic Ocean. At their 
greatest extent, the ice sheets of North America covered most of Canada and 
extended into the United States to latitude of about 40° North. Shortly, the range of 
glaciers during the peak of the last Ice Age (ca. 15000 years B. P.) comprised 
continuously Northern America, and the ice glaciers made contact coming form the 
western and eastern mountain ranges in central pleateau. 
 
A similar pattern of glaciation has also been scientifically documented in Europe (Fig. 
1) and Asia. In Eurasia, ice sheets had their birth place in the Alps Mountains, 
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Scandinavia, northern British Isles, and northern Siberia. The ice sheets of Eurasia, 
however, did not form a single ice sheet through convergence and their furthest 
extent south was limited to a latitude of about 45° North. In Europe, the distribution 
was more complicated. Ice cap comprised British Isles, almost all Fenno-Scandia, 
Northern Germany, Northern Poland, Baltic Countries and northen European Russia, 
while by the newest data Severnaya Zemlya, and the Eurasian mainland except 
Taymyr peninsula were not affected by the Ice Sheet during Last Glacial Maximum 
(Hubberten et al., 2004). 
 
 
 
 
Fig. 1. The position of Ice Calote during last Glaciation Maximum and the main 
vegetation type distribution during last glaciation and in presence.   
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The most of Eastern Europe across Siberia and into Alaska, and Siberia was 
enjoying some type of temperate climate. The south European alpine ice sheets were 
disunited and present in all higher mountains (the Pyrenees, the Alps, the Dinarids, 
the Scardo-Pinds, the Carpatians and the Balkan mountains). However, the area 
covered and glaciers reach-lowlands were different due to different geographical 
position, relief and paleoclimate.  
 
The reasons for the glaciers dynamics are Orbital or Milankovićs oscillations (eg. 
Maslin et al., 1998).  
Also, there is paleoclimatic evidence that there have been two branches of 
atmospheric circulation, both bringing warm air, one going towards the North Atlantic 
basin, and the other weaker going to Eurasia, following Mediterranean coast entering 
Central Europe (Hubberten et al., 2004). Cold and dry flow coming form Scandinavia 
results eastern parts of Eurasia to be polar desert to tundra-steppe (Hubberten et al., 
2004).  
 
 
1.2. EFFECTS OF GLACIATIONS ON BIOTAS 
 
Few plants can survive the rigorous environment of coldness. Moss species are the 
dominant plants even nowadays in such environment like Antarctica, along with 
some lichens and algae (Smith, 1984, 1993; Walton, 1990; Skotnicki et al., 2004). 
Mosses grow at the limits of any plant’s tolerance of extremes – drought, cold and 
wind as well as light (Skotnicki et al., 2000).  
 
Thus, bryophytes survived many ecological, for other organisms, catastrophical 
changes, at first places climate oscillations. Variations in the Earth’s orbit with periods 
of 10-100 thousand years (kyr) (Milanković oscillations) have led to recurrent and 
rapid climatic shifts troughout Earth’s history. These cause changes in the 
geographical distributions of organisms (Jansson and Dynesius, 2002). Climatic 
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shifts cause extinction, splitting and merging of gene pools and populations. They 
select among individuals and clades for traits enhancing the ability to survive in situ 
and to establish new populations.   
 
Research in recent decades has led to a major expansion in the knowledge of long-
term climatic variability and of how some organisms respond to such changes. The 
discovery that Earth’s climate varies with variations in its orbit (Hays et al., 1976; 
Berger, 1988; Imbrie et al., 1993) revolutionized modeling of past climates (Wright et 
al., 1993). Owing to increased sampling of fossils and newdating techniques, it is 
now possible to document evolutionary responses and changes in the distribution of 
organisms in relation to climatic events (Bennett, 1997). The combination of methods 
and ideas from genetics, systematics, and biogeography in the field of 
phylogeography (Avise, 2000) has also made it possible to infer past changes in 
geographical distributions and levels of gene flow from patterns of genealogical 
relatedness among clades (Cruzan and Templeton, 2000). All this new information 
has led to the realization that recurrent climatic changes affect evolution and cause 
biogeographical and macroecological patterns (Hewitt, 1996; Bennett, 1997; 
Dynesius and Jansson, 2000). 
 
Beyond seasonal changes, the amplitude of climatic changes increases towards 
longer timescales but has marked peaks on the tamescales of 10-100 thousand 
years (kyr). These climatic variations are caused by periodical changes in Earth’s 
orbit, called Milanković oscillations, resulting from gravitational interactions with other 
planets in the Solar System, primarily Jupiter because of its size and Venus because 
of its proximity to Earth (Berger, 1988). The tilt of Earth’s axis varies with a 41 kyr 
period, the eccentricity of the orbit varies with a 100 kyr period and the annual timing 
of minimum Earth-Sun distance varies with 19 and 23 kyr period (Berger, 1988). 
Combined with earthbound feedbacks from, e.g., atmospheric CO2, global ice 
volume, and surface albedo, the variations in insolation produce large, rapid, non-
linear climatic changes (Berger, 1988; Imbrie et al., 1989, 1993) and stable 
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conditions generally lasting only a few thousand years at a time (Imbrie et al., 1989; 
Webb and Bartlein, 1992; Wright et al., 1993). In fact, the climate during the present 
10 kyr long interglacial period has been more stable than during glacial periods, 
which make up more than 90% of the Quaternary (Kukla, 2000). Superimposed on 
orbital variation, there are millennial-scale climatic variations, which have been more 
pronounced during glacial periods (Jansson and Dynesius, 2002). Milanković 
oscillations have been a feature of Earth’s entire history, as documented in rhythmic 
sedimentation patterns having the same periodicity as orbital variations (Olsen, 1986; 
Zachos et al., 1997, 2001), although the amplitude and the relative importance of 
variation in different orbital parameters have varied over time. Over millions of years, 
there are also long-term trends in Earth’s climate caused largely by plate tectonics of 
oceanic and atmospheric flows determining the mean climate over many Milanković 
oscillations. 
 
Thus, Milanković oscillations can be cause for ranges of many recent and extinct life 
forms. Summarizing present knowledge mostly based on higher plant and animal 
species can be given as follow:  
 
Paleoecological studies show that the dominant responses to recurrent climatic shifts 
of species and other clades recognizable in the fossil record have been changes in 
the size and location of their geographical distributions (Davis, 1976; Coope, 1979; 
Huntley and Birks, 1983; Cronin et al., 1996; Roy et al., 1996). Such range 
fluctuations have occurred globally, although the magnitude of change has varied 
tremendously among regions (Bennett, 1997). Dynesius and Jansson (2000) named 
changes in geographical distributions in response to Milanković climate oscillations 
“orbitally forced species’ range dynamics.” However, the term applies to clades at 
any level of genealogical inclusiveness, from single gene pools to phyla, and 
therefore Jansson and Dynesius (2002) proposed new term that should be more 
generally rephrased “orbitally forced range dynamics” (ORD). ORD entail advances 
and retreats of range limits and also movements and extinctions of genes, 
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genotypes, and subclades in nonmarginal parts of the geographical ranges caused 
by the moving environmental gradients. The magnitude of climatic change varies 
geographically owing to variation in the amplitude of insolation change and to 
spatially varying effects of the earthbound feedbacks. For example, the 41- and 100-
kyr oscillations cause larger temperature changes toward the poles (Imbrie et al., 
1989; Wright et al., 1993), causing more ORD (Bennett, 1997). For example, plant 
taxa in tropical rain forests persisted locally in large proportions of their ranges during 
the last glacial period (Flenley, 1998). In contrast, tree taxa of the temperate 
deciduous forests of the Northern Hemisphere were often restricted to small refugia 
during the last glacial period and have since expanded up to many thousands of 
kilometers (Davis, 1976; Huntley and Birks, 1983). The latitudinal gradient in the 100-
kyr oscillations is caused by earthbound feedbacks, whereas the 41-kyr orbital 
oscillations intrinsically lead to a latitudinal gradient in insolation change (Imbrie et 
al., 1989, 1993; Wright et al., 1993). Therefore, it is assumed that a latitudinal 
gradient in ORD has been continuously present (Jansson and Dynesius, 2002). Local 
to regional factors can buffer against regional climatic change. For example, tropical 
mountain cloud-forests have generally been considerably less climatically variable 
than the region to which they belong because local factors lead to persistent mist and 
cloud formation (Fjeldsa et al., 1999). Oceanic islands are generally little affected by 
Milanković climate oscillations at least in tropical latitudes (Cronk, 1997). Steep 
physical gradients reduce ORD because organisms only have to move short 
distances as temperature, moisture conditions, or water levels change (Darlington, 
1943; Brown, 1995; Hewitt, 1996). The prime examples are steep slopes, both on 
land and under water. Both local moderation of climate variability and steep gradients 
were probably important for the survival of tree species in the mountains of southern 
Europe during glacial periods (Bennett et al., 1991). All else being equal, the lower 
the magnitude of climatic change, the larger the area continually inhabited by a 
clade. Those of the clade’s gene pools that are in such areas will exhibit low levels of 
ORD. 
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A gene pool is the pool of genetic information carried by all individuals in a 
population. A gene pool and all its descendant gene pools constitute a clade 
(Williams, 1992). Evolution is affected by sorting among genetic variants at any level 
of genealogic inclusiveness (Williams, 1992). The evolutionary effects of climate 
change vary with genealogic inclusiveness and are thus spatially and temporally 
scale dependent. Individual gene pools occupying small areas are more likely to be 
strongly affected by climate shifts than more inclusive clades occupying larger areas. 
Jansson and Dynesius (2002) state that the higher amplitude of climatic fluctuations 
causes more dynamics in size and locations of ranges of biota and this makes higher 
vagility, less specialization, larger range size of old biota and higher extinction rate. In 
contrast, higher vagility, less specialization and larger range size reduce extinction 
rate. On the other hand, more dynamics in size and location of ranges bring more 
clade to be formed by polyploidization. 
 
Given that populations are locally adapted, changes in climate and associated biotic 
and abiotic factors should alter fitness optima of population phenotypes throughout 
the range of the clade (Davis and Shaw, 2001). In response to this, local populations 
may either go extinct, adapt to the new conditions in situ, or individuals may disperse 
to and establish new populations in environments that have become suitable 
(Jackson and Overpeck, 2000). Gene flow may increase as individuals from 
previously separated populations come into contact and interbreed (Futuyma, 1987). 
The type of response depends on the magnitude and rate of the climatic change, but 
traits and locations of the organisms are also important. 
 
1.2.1. Selection for vagility 
When climate changes, range boundaries may advance. 
Marginal populations at range boundaries may become sources for new populations 
beyond the present range boundary. Phenotypes with high vagility (i.e., high 
dispersal ability and propensity) are more likely to found new populations and to 
initiate range advances. The descendents of the individuals arriving first pre-empt 
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suitable habitats to the disadvantage of organisms arriving later (Hewitt, 1999). This 
leads to selection for vagility, provided differences in vagility are heritable. Repeated 
founding events after long-distance dispersal would result in rapid directional 
selection for vagility (Cwynar and MacDonald, 1987). Range advances are often 
achieved by long-distance dispersal. For example, the observed rapid advances in 
the beginning of the Holocene of north temperate tree taxa can only be explained this 
way (Skellam, 1951; Cain et al., 2000). In such situations, selection for vagility should 
primarily affect traits associated with the tail of dispersal curves. 
Selection against vagility owing to local adaptations, dispersal-related mortality, and 
(at least among flying insects) tradeoffs with reproductive investment are ubiquitous. 
What about long-distance dispersed mosses? Even more, those that rarely produces 
gamets, spores or diaspores? 
 
1.2.2. Selection for the low specialization 
Organisms differ in the width of their environmental tolerance, habitat and resource 
specialization, and in how dependent they are on specific species (Futuyma and 
Moreno, 1988). Less specialized, more tolerant individuals are more likely to find 
suitable habitats, establish in new areas, and survive while moving through 
heterogeneous environments. Thus, range advances should select for low 
specialization and wide tolerance. This conclusion is supported by a spatially explicit 
patch-occupancy model (Bowers and Harris, 1994). In the model a broad-niched 
generalist species was able to track environmental changes better than a specialist 
species. In constant or slowly changing environments the specialist species was 
favored owing to better competitive abilities, but with moderate or rapid 
environmental change, the generalist species was able to limit the ability of the 
specialist to survive and/or track the shifting environment. 
Improved environmental conditions at existing range boundaries are likely to initiate 
range advances without any evolutionary change. Once the advance is initiated, 
individuals that advance most rapidly are likely to be favored. Advancing range fronts 
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become characterized by dispersive generalists or by specialists on habitats common 
in the colonized area (Thomas et al., 2001). 
 
1.2.3. Interbreeding during range advances.  
Individuals from previously separated populations of sexual organisms may come 
into contact and interbreed during range advances. This may result in hybrid 
speciation (e.g., polyploidization) or various degrees of introgression between 
differentiated gene pools or clades. Introgression may be counteracted by the 
formation of hybrid zones (Remington, 1968; Hewitt, 2001). 
 
The same processes as those at work during advances of range limits are active in 
other parts of the range where climate changes. However, populations in other 
situations are more likely to go extinct without leaving offspring during climatic 
change. Organisms may fail to establish new populations, either because they 
cannot move fast enough, because they encounter barriers (Brown, 1995; Ashworth, 
1996), or because the preferred habitat becomes rare or temporarily disappears 
regionally. Establishment in new areas with suitable habitat may also be impeded by 
competition from individuals of the same clade already present before the change. 
Survival in situ is hampered by competition with immigrants better adapted to the 
new environment at that site. Again, all this may lead to selection for high vagility and 
low specialization. Low specialization is selected for because it is less likely that the 
niche of such individuals will disappear completely in an area (McGlone, 1996, 
Jackson and Overpeck, 2000). Moreover, less specialized organisms do not need to 
disperse as rapidly to track their habitat. If peripheral populations go extinct, range 
limits retreat. 
 
The probability of long-term survival varies among clades depending on characters of 
organisms, e.g., degree of specialization and vagility. Generalism and high vagility 
promote high population densities and wide distributions. All these factors are 
positively correlated with low extinction rates at the level of species or higher 
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taxonomical rank (McKinney, 1997). There is also non-adaptive sorting caused by 
the large geographic variation in range dynamics. Clades that are in the right place, 
i.e., in areas demanding the least distributional change, have higher probability of 
surviving climatic shifts and should thus have higher fitness over long timescales. 
Oceanic islands have high proportions of paleoendemics, which have disappeared 
from continents, probably because stable climates and poverty of competitors and 
exploiters have allowed island clades to persist longer (Cronk. 1997). For most taxa 
of European forest trees, only clades that persisted during both glacial and 
interglacial times in southern and south-eastern Europe have living European 
representatives (Bennett et al., 1991). The northern populations of most taxa went 
extinct in situ during the glacials. In the beginning of interglacials northern Europe 
was colonized from southeastern and southern refugia (Bennett et al., 1991). There 
are very few data if the same fate was for bryophytes as well. 
 
There is a wide range of mechanisms, abiotic as well as biotic, that could lead to 
separation of gene pools in sexual organisms (Jansson and Ddynesius, 2002). The 
separation occurs when gene flow is reduced or prevented by barriers to dispersal 
(allopatrically), distance (parapatrically), disruptive selection (sexual or ecological) 
within a locality (sympatrically), or abrupt speciation (e.g. polyploidization). If range 
dynamics is low, gene pools are more likely to survive and remain separated. 
Moreover, organisms may specialize and evolve reduced dispersal abilities without 
going extinct. This leads to decreasing gene flow, further favoring the integrity of 
gene pools and leading to radiation. However, there are many incertainity when 
applicate these postulate to bryophytes which do not have or express sexuality. 
 
Dynamics of range caused by glaciations and interglaciations should favor gene pool 
splitting in three principal ways: (a) by creating physically separated (allopatric) gene 
pools, (b) by favoring expansion into new areas where parapatric divergence can 
start, and (c) by causing a paucity of specialized organisms, leaving resources 
underexploited and thereby making ecological divergence in sympatry more frequent 
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(Schluter, 2000). Also, reproductive barriers can play significant role in clade 
evolutions. Reproductive barriers make clades resistant to merging with other clades, 
thus increasing clade persistence. Reproductive barriers may evolve gradually over 
many generations (allopatrically, parapatrically or sympatrically) or form abruptly, e.g. 
by polyploidization (Mayr, 1963). 
 
1.3. MOLECULAR TRACING OF POPULATION RELATIONSHIPS AND PAST MIGRATION EVENTS: 
INSIGHTS FROM THE NUCLEAR RIBOSOMAL DNA INTERNAL TRANSCRIBED SPACER (ITS) 
AND PLASTID NON-CODING DNA REGIONS (TRNL-F SPACER AND INTRON) 
 
Phylogeographic studies at and below the population level in plants are still 
uncommon. This is in part due to low levels of variability in DNA sequence data and 
recent investigations suggest that the nuclear ribosomal Internal Transcribed Spacer 
regions may have some value in plant phylogeographic studies (Barker et al., 2003) 
as well as some non coding regions of plastid DNA, e.g. trnL-F introns and spacers 
regions (Taberlet et al. 1991; Vogel et al., 1996; Vogel et al., 1998; Kelchner 2000;). 
Furthermore, it has been shown that chloroplast is maternally (i.e. uniparentally) 
inherited in most plants (Vogel et al., 1998). 
 
Gene genealogies offer great promise for furthering our understanding of plant 
evolution (Schaal et al., 1998), and when genetic variation is organised into a 
genealogy, with subsequent overlay of geography, the resulting analysis has been 
called “intraspecific phylogeography” (Templeton et al., 1995). In a phylogeographic 
analysis, genealogical lineages are used to make inferences about the principles and 
processes that have resulted in geographical distribution (Avise, 1998, 2000; Schaal 
et al., 1998; Schaal and Olsen, 2000), in a process that tracks geographical 
divergences along a phylogenetic tree (Smouse, 1998). The success of a 
phylogeographic analysis is dependent on the integrity of the phylogenetic tree, as 
well as the interpretation of congruence between the phylogeny and geographical 
distribution (Schaal et al., 1998). Pictorial overlays of haplotype network upon 
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geography are currently the standard inference tool for intraspecific phylogeography 
(Templeton et al., 1995). Such pictorial representations usually find a strong 
association between the geographic location of haplotypes and their evolutionary 
position within a gene tree, but the demonstration of such an association per se does 
not reveal the causes of the association (Templeton et al., 1995). 
 
The ability of phylogeographic methods to detect geographic associations depends 
upon there being resolution in the haplotype tree, and historical events cannot be 
older than the coalescence time for the gene region being investigated (Templeton et 
al., 1995). However, in order to construct gene trees (for phylogeographic use), 
significant genetic variation must occur at the appropriate level; i.e. among the 
populations or taxonomic units being investigated (Schaal et al., 1998). In the search 
for highly informative markers within a single species, genetic markers with recurrent 
mutation rates high enough to yield multiple mutations over the time-frame of interest 
must be chosen (Smouse, 1998). 
 
Phylogeographic studies in plants have lagged behind those in animals, primarily 
because of difficulties in finding ordered, neutral intraspecific variation required for 
constructing gene trees (Olsen and Schaal, 1999; Schaal and Olsen, 2000). 
Detection of “phylogenetically informative” intraspecific variation is probably the most 
difficult problem facing plant population biologists wanting to reconstruct population 
history (Schaal et al., 1998).  
 
High-resolution nuclear markers such as RAPDs and AFLPs (Vos et al., 1995) are 
historically unordered, probably confounding phylogenetic reconstruction (Smouse, 
1998; Schaal and Olsen, 2000, Koopman et al., 2001). An alternative source of 
variation, the non-coding regions of single copy or low copy number nuclear genes, 
could potentially provide multiple, unlinked allele genealogies at the intraspecific level 
(Olsen and Schaal, 1999), but they have not yet been extensively studied in plants 
and certainly not in bryophytes. 
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The chloroplast genome is non-recombining and uniparentally inherited, and is 
thereby useful for tracking haplotype lineages and discriminating between maternal 
and paternal contributions to offspring. In contrast, nuclear genes are recombining, 
biparentally inherited markers, thereby allowing simultaneous observation of 
maternal and parental contributions to offspring, exposing gene flow and 
hybridisation events that may not be revealed by analysis of an organellar genome or 
single genealogy alone (Mayer and Soltis, 1999). 
 
Most attempts to detect intraspecific variation suitable for phylogeographic studies in 
plants have relied on the chloroplast genome (Olsen and Schaal, 1999). Plastid gene 
sequences generally exhibit low rates of sequence evolution (Palmer, 1987; Downie 
and Palmer, 1992; Doyle, 1995), especially when compared with animal mtDNA, a 
feature limiting its applicability (El Mousadik and Petit 1996). However, by the early 
1990’s there was ample (largely RFLP) evidence that there was substantial 
intraspecific variation in the chloroplast genome that could potentially be exploited for 
phylogeographic studies. Soltis et al, (1992) provide a substantive summary, and 
include references to many intraspecific studies. The rise and subsequent prevalence 
of DNA sequencing studies have shown that several regions of the chloroplast 
genome (such as some intergenic spacers) show potential for phylogeographic 
analysis, although attempts by Schaal et al. (1998) indicate that single cpDNA loci 
are only occasionally useful at the intraspecific level. Approximately half of all cpDNA 
mutations are short indels (1-10 bases), located primarily in the noncoding regions of 
the chloroplast genome (Zurawski et al., 1984; Kanno and Hirai, 1992). In many 
cases, the chloroplast spacer regions that have been informative for some plant 
species show little or no intraspecific variation in other species (Schaal and Olsen, 
2000).  
 
Studies of noncoding chloroplast DNA sequences have shown that 
insertions/deletions of more than two bases that do not belong to tandem repetitions 
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are good phylogenetic markers (Gielly and Taberlet, 1994a; 1994b). Weising and 
Gardner (1999) published a set of conserved primers that allow the characterisation 
and genotyping of individuals and populations within a species based on chloroplast 
simple sequence repeat polymorphisms. Applications of this approach have proved 
successful in phylogeographic studies (see for example Marshal et al,. 2002; 
Collevatti et al., 2003). 
 
The effective population size of a nuclear gene is four times that of an organelle 
gene, because it is diploid and bi-parentally inherited (Schaal and Olsen, 2000). This 
larger effective population size results in larger coalescence times, and because 
nuclear DNA (nDNA) evolves more slowly than organellar DNA (Palumbi et al., 
2001), this in turn increases the likelihood of encountering ancestral polymorphisms 
(Avise 2000; Schaal and Olsen, 2000). The utility of nuclear gene (e.g. intron) 
sequences in intraspecific phylogenetic analyses appears to be limited by this 
increased coalescence time (and associated variance) as compared to mitochondrial 
and chloroplast genes. In addition, the potential for reticulate evolution among 
nuclear alleles due to recombination (Bermingham and Moritz, 1998) is likely to 
further limit their utility for phylogeographic studies. These considerations are valid 
but slightly different for haploid none sexually dispersed clades, i.e. bryophytes. 
 
When using organelle genes in comparison to nuclear genes, several factors 
contribute towards an increase in genetic structure within a plant species. Firstly, 
effective gene flow is limited to seeds for maternally inherited genomes (Petit et al., 
1993). Secondly, in hermaphroditic species such as the oaks, the flowering and 
fruiting pattern results in the effective number of trees contributing towards the next 
generation as females, being less than the effective number of trees acting as males 
(Demesure et al., 1996; Dow and Ashley, 1996). Thirdly, drift is twice as strong for a 
haploid genome as compared to a diploid one (Dumolin-Lapègue et al., 1997). 
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For both phylogenetic and phylogeographic purposes it would be desirable to 
consider multiple gene trees based on chloroplast and nuclear genomes, because 
independently derived gene trees may not be congruent  (Schaal et al., 1998). 
However, Doyle (1997) warns that when the history of the organellar genome is 
different from that of the nuclear genome (e.g., in lineage sorting or introgression) 
every nucleotide in every one of the organellar genome’s genes will give the “wrong” 
phylogenetic pattern for those taxa affected.  
 
Plant molecular phylogenetic studies at species levels are generally limited by the 
availability of sequences with the right level of resolution suitable for the construction 
of well-supported trees (Doyle et al., 1996). Single sequences are of limited value 
when recombining diploid genomes in populations (Bachmann, 1997). This limitation 
can be overcome by sampling sequence polymorphisms at many points throughout 
the nuclear genome in order to obtain multilocus genotypes. Various molecular 
methods have been designed to resolve this (Karp et al., 1996; Bachmann, 1997). 
Ultimately the full potential of phylogeography will be realised when multiple loci are 
considered together (Schaal et al., 1998). Because of the difficulty in finding 
genealogically informative markers, many plant studies have been phylogeographic 
only in the broad sense, i.e. they detect an association between patterns of genetic 
variation and geography, and do not incorporate a genealogical perspective (Schaal 
and Olsen, 2000). 
 
1.3.1. Plant DNA Sequence Markers Suitable for Phylogeographic Studies. 
 
Chloroplast DNA restriction site data meet the requirement of sampling the genome 
at many points, and this technique has been used extensively in phylogenetic studies 
at and above the species level. However, use of DNA sequence data has numerous 
technical advantages over restriction mapping (Doyle et al., 1996), and has thus 
become the preferred approach for phylogenetic studies. Efforts have been made to 
identify relatively rapidly evolving chloroplast sequences for use in DNA sequence-
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based phylogenetic studies, and the publication of primers to non-coding regions 
(e.g. Taberlet et al., 1991; Demesure et al., 1995; 1996) have greatly aided both 
phylogenetic studies at the lower taxonomic levels, as well as phylogeographic 
studies. Early plastid-based phylogeographic studies (e.g. Ferris et al., 1993; 
McCauley et al., 1996) or phylogeographic studies with very large sample sizes for 
which DNA sequence data would be very costly to generate (e.g. Demesure et al., 
1996; El Mousadik and Petit, 1996; Grivet and Petit, 2002) utilise an alternative PCR-
RFLP approach.  
 
Published phylogeographic studies using chloroplast DNA sequence data are as yet 
not common, but recent examples include a study on the cycad Cycas taitungensis 
(Huang et al., 2001), the fern Asplenium ceterach (Trewick et al., 2002), and the 
angiosperms Cyclamen (Gielly et al., 2001), Kandelia candela (Chiang et al., 2001), 
Armeria (Gutierrez-Larena et al., 2002), Fagus crenata (Fujii et al., 2002), and 
Cyclobalanopsis glauca (Huang et al., 2002). Among the bryophytes there are just a 
few phylogeographic study using chloroplast DNA regions (e. g.  trnL concerning 
Hypopterygium rotundum; Pfeiffer, 2000a); rps4 gene concerning T. muralis (Werner 
and Guerra, 2004). 
 
The ideal nuclear gene to use for phylogeographic studies would be a single-copy 
gene, so as to avoid potential problems that multiple paralogues can cause in 
phylogeny estimation.  Sang (2002) reviews the utility of low-copy number nuclear 
genes in plant phylogenetics, but it appears that the number of nuclear genes or 
regions suitable for comparative sequence studies at lower taxonomic levels is 
limited. Examples used for phylogenetic studies, but potentially useful for 
phylogeography, include the Histone H3 intron sequences (Doyle et al., 1996), the 
glyceraldehyde 3-phosphate dehydrogenase gene (G3pdh; Olsen and Schaal, 1999; 
Schaal and Olsen, 2000), and the chloroplast- expressed Glutamine Synthetase 
gene (ncpGS; Emshwiller and Doyle, 1999). The ncpGS gene contains several 
introns, and appears to be single copy in most taxa. Levels of variation among the 
22 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
ncpGS sequences compare favourably with those of the rDNA internal transcribed 
spacers (Emshwiller and Doyle, 1999). However, these high evolutionary rates also 
necessitate group or lineage specific primer development. 
 
Extensive use has been made of the multicopy nrDNA genes and allied non-coding 
regions for phylogenetic studies in plants, mainly because of the near-universality of 
the primers designed to anneal in highly conserved regions (Gerbi, 1985; White et 
al., 1990; Hamby and Zimmer, 1992; Cullings and Vogler, 1998). Probably for this 
reason alone, the internal transcribed spacer (ITS) region of the 18S – 26S ribosomal 
repeat is one of the most commonly sequenced regions in plant systematics. The 18-
26S ribosomal DNA repeat is further attractive for phylogeny reconstruction because 
of its high copy number, rapid concerted evolution, and diverse rates of evolution 
within and among component subunits and spacers (Hamby and Zimmer, 1992; 
Baldwin, 1992, and literature therein).  
 
The nrDNA Intergenic Spacer Region (IGS) consists of two parts, the non-transcribed 
spacer (NTS), and the external transcribed spacer (ETS), which is adjacent to the 5’–
end of the 18S gene (Volkov et al., 1996). The ETS part of the IGS contains different 
regulatory elements necessary for the initiation and termination of transcription. This 
region evolves far more rapidly than the nrDNA coding regions, and may thus differ 
between species, populations and even individuals within a population (Volkov et al., 
1996).  
 
The reason why the ETS is not used more frequently for comparative studies in 
plants is probably the lack of a highly conserved region for primer design flanking the 
5’ end of the spacer (Baldwin and Markos, 1998). Although the highly conserved 18S 
gene offers various options for primer sites downstream from the 3’ end of the ETS, 
the highly variable non-transcribed spacer (NTS) borders the 5’ end of the ETS and 
is too rapidly evolving in sequence and length to provide a universal primer site for 
most plants. Baldwin and Markos (1998) overcame this limitation by using long-
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distance PCR to amplify the entire IGS (NTS + ETS) using universal primers that 
bind to the flanking and highly conserved 18S and 26S sequences.  
 
The ETS of the IGS regions of angiosperms is longer than ITS-1 and ITS-2 regions 
combined and, based on restriction site data, appears to evolve at least as rapidly as 
the ITS at the nucleotide level (Baldwin and Markos, 1998). The level of subrepeat 
identity within the ETS region in the Solanaceae ranges from 57% to 92% (Volkov et 
al., 1996), and ETS length difference among species of Nicotiana may be due to 
variation in the number of these subrepeats (Volkov et al., 1996). ETS and ITS 
regions have been successfully used in tandem in a number of phylogenetic studies 
(Baldwin and Markos, 1998; Bena et al., 1998; Clevinger and Panero, 2000; Markos 
and Baldwin, 2001; Li et al., 2002), and ETS alone in a few (Volkov et al., 1996; 
Linder et al., 2000; Markos and Baldwin, 2002). 
 
 
1.3.2. Internal Transcribed Spacer of the nuclear ribosomal DNA 
The nrDNA ITS regions (Fig. 2) exhibit a rare combination of highly conserved primer 
sites adjacent to highly variable sequences (Bachmann, 1997), and is therefore 
extremely useful for PCR amplification using “universal” primers (White et al., 1990).  
 
It seems probable that ITS-1 and ITS-2 are under some functional constraint in 
structure and sequence, as suggested by size and GC content comparisons among 
angiosperms (Baldwin et al., 1995; Goertzen et al. 2003) and therefore useful for 
phylogeny reconstruction at lower taxonomic levels. 
 
At present, the ITS regions are technically the most convenient and universally 
accessible nuclear DNA sequences with sufficient variation to distinguish species of 
a genus or even populations of a species (Bachmann, 1997). The ease with which 
ITS sequence information can be obtained makes it a valuable nuclear DNA resource 
for comparison with cpDNA phylogenetic data in angiosperms (Baldwin, 1993). 
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The ITS region has been shown to be evolutionarily conservative in length, as 
opposed to the IGS, which varies extensively in length (Hamby & Zimmer 1992). The 
conservation in length and high nucleotide sequence variability contributes to the 
appeal that this region has for systematic studies. 
 
 
 
Fig. 2. The Schematic presentation of the nuclear ribosomal Internal Transcribed 
Spacer (ITS), with transcription and repetition units, and primers used within 
bryophyte DNA.  
 
However, its use at the intraspecific level is debatable, and at least some species 
with long life spans show reduced levels of sequence divergence (e.g. Sang et al., 
1995). 
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Apart from a possible size limitation that may result in relatively small numbers of 
phylogenetically informative characters, there are other factors that may limit the 
applicability of nrDNA ITS sequences in phylogeographic studies. Biological factors 
include aspects such as reticulation, hybridisation and polyploidy, while concerted 
evolution can be considered an intracellular biochemical factor that ensures the 
homogenisation of the multiple sets of rDNA repeats.  
 
Reticulation, hybridisation and polyploidy are all mechanisms which introduce 
“unwanted” variation (in a phylogeny reconstruction context). This variation may take 
the form of paralogous copies of nuclear genes, and this can confound phylogenetic 
reconstruction. The relevance of these factors to the applicability of ITS sequences at 
the plant species level is shortly discussed bellow.  
 
Reticulation. Micro-evolutionary processes such as gene flow and lineage sorting can 
result in reticulate patterns of relationship among populations (Mayer and Soltis, 
1999). Furthermore, if gene flow leads to heterozygosity of ITS types within an 
individual (which would happen if maternal and paternal contributions were not 
identical in sequence structure), subsequent recombination or partial gene 
conversion can disrupt phylogenetic signal in the ITS genealogy (Sang et al.,1995). 
As noted above, the application of nuclear gene sequences in phylogeographic 
analyses appears to be limited by the increased coalescence time compared with 
organellar gene sequences and the potential for reticulate evolution among nuclear 
alleles due to recombination (Bermingham and Moritz, 1998). Unambiguous 
phylogeographic signal will thus only be expected if there has been extended 
population isolation. Gene flow, through either pollen or seed, will potentially disrupt 
the divergence of nuclear sequences, whereas (in plants with maternal plastid 
inheritance) gene flow through seed dispersal only will affect organellar gene 
divergence. As ITS is biparentally inherited, either pollen or seed dispersal will thus 
contribute to disruptive gene flow. Studies of both genomes can therefore be 
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informative about pollen versus seed dispersal as the cause of gene flow (Ennos, 
1994; El Mousadik and Petit, 1996). 
 
Hybridisation and Polyploidy. While hybridisation can be a threat to species integrity, 
it can also be a source of new variation and a source of new species, especially 
through polyploidy (Grant, 1953). It is now commonly accepted that polyploidy is a 
highly effective evolutionary mechanism for introducing new plant species, promoting 
their persistence and survival, and ultimately increasing the diversity of plant species 
(Cook et al., 1998; Otto and Witton, 2000; Ramsey and Schemske, 1998; Soltis and 
Soltis, 1999; Wendel, 2000). Furthermore, hybridisation may provide a stimulus for 
the evolution of invasiveness (Ellstrand and Schierenbeck, 2000). It is estimated that 
between 20% and 70% of angiosperm species are polyploid. 
 
Under traditional views, polyploidy was considered largely an evolutionary dead end; 
however a growing body of evidence suggests that recurrent polyploidisation is the 
rule rather than the exception (Cook et al., 1998), and that polyploidy can confer 
evolutionary advantages on plant species (Doyle, et al., 1999). Most polyploid 
species of plants that have been examined with molecular markers have been shown 
to be polyphyletic, having arisen multiple times from the same diploid species (Soltis 
and Soltis, 2000). Such recurrent formation of a polyploid species has implications for 
the taxonomy of polyploids, the genetic diversity of polyploid ‘species’, and for an 
understanding of the ease with which and rate at which polyploidisation can occur 
(Soltis and Soltis, 2000). Any hybridisation event (be it between different species or 
different populations within a species) that results in a plant that can produce viable 
offspring will introduce a mix of ITS paralogues from both parents. This would 
introduce new copies of ITS genes also disrupt the divergence of the any nuclear 
sequences. Studying the diversity of ITS copies in a polyploid genome (or any diploid 
genome for that matter) can best be done by the cloning of PCR products and 
subsequent sequencing; something that direct PCR-sequencing cannot do. However, 
this can be time consuming and costly, and Rauscher et al. (2002) present a novel 
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approach using repeat-specific primers to recover rare parental ITS sequences from 
polyploid species.  
 
Concerted evolution. Concerted evolution has been proposed as a process that 
homogenises multiple copies of a gene, such that all copies become identical 
(Arnheim et al., 1980; Zimmer et al., 1980; Arnheim, 1983; Weising et al., 1995; 
Bachmann, 1997; Schaal et al., 1998; Aguilar et al., 1999a). During this 
homogenisation process, either the paternal or maternal copies are retained to the 
exclusion of those from the other parent.  Aguilar et al. (1999b) found that in 
Plumbaginaceae concerted evolution can be complete as quickly as one generation 
after the combination of two parental ITS types. They also suggest that the fast rate 
of homogenisation in (artificial) hybrids has important implications for detecting past 
or recent hybrid events in natural populations. However, in Gilia achilleifolia 
(Polemoniaceae), Morrell and Rieseberg (1998) were able to resolve samples of G. 
achilleifolia as sister to the putative parent species, suggesting this process is not 
always rapid. Thus in terms of phylogeny reconstruction using rDNA ITS sequence 
data, a specimen of hybrid origin will be resolved either as a mixed set of paralogues 
or as related to one of the two possible parents. Under the latter scenario, the means 
to depict or detect hybrid history will be lost, and this can happen sometimes as 
rapidly as within a few generations (Sang et al., 1995; Wendel et al., 1995). ITS data 
has, however, been successfully used to show multiple hybridisation events in 
populations of Arabis divaricarpa, and concerted has resulted in a range of ITS types 
in both the hybrid and parent taxa (Koch et al., 2003). Furthermore, these workers 
report intra-individual variation in ITS copies.  
 
In general nuclear ribosomal DNA variation gives many possibilities in studying 
evolution and ecology of living organisms (Weider et al., 2005). 
Concerted evolution can thus be invoked as possible the cause of incongruence 
between phylogenetic reconstructions using nrDNA and other characters 
(Bachmann, 1997). For these reasons, the phylogenetic interpretation of ITS 
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sequences at the species level is considerably less straightforward than those of 
chloroplast DNA polymorphisms.  
 
Potential for ITS in Intraspecific and Phylogeographic Studies. Schaal et al. 
(1998) suggested that the ITS region of ribosomal DNA is generally not considered 
useful for phylogeographic studies in angiosperms because, for most species 
examined, intraspecific ITS variation has not been detected, and the poorly 
understood process of concerted evolution can confound the interpretation of 
sequence polymorphism at the intraspecific level. In ITS-based molecular 
phylogenetic studies at the species level, the inclusion of more than a single 
representative sample per species is rare, but where done, variation in ITS 
sequences may be found (see for example Baldwin, 1993). The sentiment of Schaal 
et al. (1998, cited above) might have been somewhat premature, as among the land 
plants, recent ITS-based phylogeographic studies have been successfully applied to 
species and species complexes in a number of divisions. ITS appears to be 
particularly useful in bryophyte studies (Shaw, 2000; Shaw et al. 2003a). Within the 
gymnosperms the ITS 1 & 2 units are highly variable in size (Liston et al., 1996). 
However, in the gymnosperm Podocarpus latifolius, (Barker et al., 2004) found no 
variation in 250 base pairs of ITS2 sequence data from specimens across the 
distribution range. This finding that may be correlated to the observation (in 
monocotyledonous angiosperms; Gaut et al, 1992, Clegg et al., 1994) that 
substitution rates tend to be slower in groups with longer generation times 
(Podocarpus is very long lived). 
 
However, while providing useful data in this regard, the phylogeographic utility of the 
ITS region is appreciated but limited by factors such as its multi-copy nature, 
hybridisation, polyploidy and concerted evolution. 
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1.3.3. trnL – trnF region of the plastid DNA 
 
During the last decade a considerable amount of sequencing has been performed in 
order to address relationship among bryophytes, with the trnT-F (Fig. 3.) region being 
one of the most widely used regions. Even, the variability of the trnT-F region is 
comparably lower in bryophytes to some other plants and regions, much valuable 
information on relation among bryophytes groups and even populations are 
considered from this region (e.g. Hyvönen et al., 1999; Buck et al., 2000a, 2000b; De 
Luna et al., 2000).  
The trnT-F region of the chloroplast DNA (containing as a part trnL-F region) is 
located in the large single copy (LSC) region of the chloroplast genome in close 
proximity to rbcL and comprises the intergenic spacers between the tandemly 
arranged tRNA genes trnTUGU, trnLUAA and trnFGAA and the trnLUAA intron. Of the three 
non-coding parts mainly the trnL intron and the trnL-F spacer is still quite rare have 
been extensively sequenced while data of the trnT-L spacer is still quite rare.  
Since its introduction into molecular systematics by Taberlet et al. (1991), the trnL 
intron has been considered appropriate for investigations at various taxonomic levels. 
High-level studies comprise inference of relationships among cyanobacteria, algae 
and land plants (Besendahl et al., 2000; Simon et al., 2003), thus evaluating the 
evolutionary history of the trnL intron, relationships of basal angiosperms (Borsch et 
al., 2003) as well as the molecular evolution of the trnL-F region in land plants 
(Quandt et al., 2004a). In bryophytes the intron has been used to clarify relationships 
of liverwort classes (Stech and Frey, 2001) and to investigate bryophyte relationships 
below the ordinal level, extending even to population studies.  
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Fig. 3. The Schematic presentation of the chloroplast trnT-F region, with transcription, 
spacer and intron units, and primers used within bryophyte DNA.  
 
 
 
1.4. BRYOPHYTE PHYLOGEOGRAPHY 
 
Phylogeography has proven powerful in elucidating patterns of gene flow, 
hybridisation, historical range fragmentation, range expansion and speciation among 
many organisms (e.g. Avise 2000; Lessios et al., 2001; Templeton, 2001, Bunje, 
2005). However, rarely do phylogeographical analyses take into account the entire 
range or continent of some widespread species (Bunje, 2005). Most 
phylogeographical studies restrict their analyses to portion of a range. Investigating 
the wide or entire range of species is likely to reveal concurrent processes that act 
differentially to produce intraspecific phylogenetic structure (e.g. Bernatchez, 2001). 
The effect of geographically restricted mechanisms may be among the most 
important for bringing about speciation as allopatric processes are likely to produce 
populations that are less likely to inbreed with distant conspecifics (Knowels 2001; 
Bernardi et al., 2003). 
 
Phylogeographic analyses of bryophytes are significantly less considered than in 
vascular plants or animals.  From the 1970s to the 1990s, isoenzyme analyses were 
used to study genetic diversity of bryophytes in relation to their distribution (e.g. 
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Wyatt et al., 1989; Stoneburner et al., 1991; Bischler and Bisselier-Dubayle, 1997). 
Shaw (1995) for example found that the widely but scattered distributed copper 
moss, Scopelophila cataractae (Mittt.) Broth was genetically uniform in Europe in 
contrast to the populations observed in Asia and North America, and he concluded 
that long-distance dispersal had probably played an important role in the geographic 
history of this moss. Odrzykoski and Szweykowski (1991) found that wide spread 
tallous liverwort Conocephalum conicum (L.) Dumort. consists of at least five 
geographic races in Asia, Europe and North America and Werner and Guerra (2004) 
similairly found 18 haplotypes for cosmopolitan moss Tortula muralis Hedw.. Other 
authors found in other bryophyte species little or no differentiation between Europe 
and North America: Plagiomnium medium (Bruch and Schimp.) T. J. Kop. var. 
medium (Stoneburner et al., 1991), Mielichoferia elongata (Hoppe and Horsch.) Nees 
and Horsch. (Shaw and Schneider, 1995) and Sphagnum majus (Russow) C. E. O. 
Jensen (Sastad et al., 2000). There is assumption that long-distance dispersal is 
explanation for low genetic distance. Some other explanations like that of Stenoien 
and Sastrad (1999), who have found lack of genetic distance between European and 
North-American populations of Sphagnum angustifolium (Warnst.) C. E. O. Jensen, 
consider low mutations rates, together with a large effective population size rather 
long-distance dispersal responsible for no genetic differentiation. Based on allozymes 
Cronberg et al. (1997) identified 79 genotype out of 258 plants of moss Hylocomium 
splendens (Hedw.) B. & S.  analized just in Scandinavia. Cronberg (2002) studied the 
same species in Baltic lands and concluded that no isolation by distance was 
detected among populations, indicating efficient and essentially random gene flow, 
probably occurring via wind-dispersed spores. Finally, Cronberg et al. (2006) inferred 
that clonal structure and genet-level sex ratios suggest different roles of vegetative 
and sexual reproduction in the clonal moss Hylocomium splendens, which influence 
various genetic diversity over the range of this species. 
 
Also, based on isozimes analyses Cronberg (1998) concluded that post-glacial 
migration from different refugia explain large-scale genetic variation in Sphagnum 
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rubellum Wils., similarly as Thingsgaard (2001) did for Sphagnum affine Ren. & 
Card.. For Sphagnum capillifolium (Ehrh.) Hedw. Natcheva and Cronberg (2003) 
indicate high genetic differentiation even within same potential refugia in Bulgaria 
based on allozyme analyses. 
Cronberg (2000) investigated twelve populations of Leucodon sciuroides Schwaegr. 
based on isozyme loci and found that there is refugium in Greece and even cryptic 
speciation occurring in Creta.  
 
Van der Velde and Bilsma (2003) state that there is varied genetic differentiation 
among populations of five Polytrichum species studied in Europe based on allozymes 
and microsatelites. No genetic evidence was obtained for a step-wise recolonization 
of Europe from southern refugia after the latest glacial period for P. commune Hedw., 
P. uliginosum (Wallr.) Schriebl, P. formosum Hedw. and P. piliferum Hedw. Gene 
flow levels have apparently been sufficient to prevent genetic differentiation among 
populations caused by genetic drift, and to wipe out any genetic structure caused by 
the postglacial recolonization process. On the other hand, increased genetic 
differentiation of alpine P. formosum populations suggests that mountain ranges 
might restrict gene flow significantly among Polytrichum populations. In contrast to 
most examined Polytrichum species, P. juniperinum Hedw. showed high levels of 
genetic differentiation and a profound genetic structure. Assuming that gene flow is 
not more restricted in P. juniperinum, these findings suggest that this species has 
recolonized Europe after the latest glacial period from two different refugia, one 
possibly being the British Isles. 
 
Recently, the availability of DNA-based methods, such as RAPDs and DNA 
sequencing, has led to renewed interest in the biogeography of bryophytes. Skotnicki 
et al. (1998) found high level of RAPD diversity in the moss Bryum argenteum Hedw.. 
Freitas and Brehm (2001) found two main clusters in an investigation of 
Macaronesian population of Porella canariensis (F. Weber) Underw. using RAPD: 
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one corresponding to Madeira and the other corresponding to Portugal and the other 
Macaronesian islands.  
 
DNA data in phylogeography of bryophytes are very newly used and there are still 
very few studies. Firstly, some paleoaustral species (distributed in Australia, New 
Zealand and/or South America) have been considered (Frey et al., 1999; Pfeiffer, 
2000a, 2000b; Quandt et al., 2001). All mentioned studies point out low level of 
differentiation of species treated in them. Some of these results were used to 
introduce the term stenoevolution, coined to characterize a very low genetic 
divergence accumulated over a long geological period in separate populations that 
are supposed to lack adaptations for long-distance dispersal.  
 
In contrast to study mentioned above, McDaniel and Shaw (2003) studied three 
chloroplast DNA regions of Pyrrhobryum mnioides (Hook) Manuel and found that 
New and Old World populations formed mutually monophyletic clades. They point out 
the existence of Gondwanan vicariance due to sequence differentiation between 
South American and Australian populations. 
 
Recently, non chloroplast region start to be suitable for bryophyte phylogeography 
research and up to now there are only few studies concerning bryophyte 
phylogeography based on nuclear ribosomal ITS region of genomic DNA. Chiang 
and Schaal (1999) introduce ITS2 region into moss phylogeography in ten 
populations of Hylocomium splendens in North America and concluded that there are 
at least three good defined haplotypes. Shaw et al. (2002, 2003b) and Werner et al. 
(2003) deals with ITS divergence among populations of several moss species in 
North America and North Africa/Europe. The distribution pattern of all these species 
would appear to be classic examples of so-called Madrean-Tethyan pattern, which is 
thought to reflect range fragmentation over at least 25 My (Axelrod, 1975). However, 
the minor but not negligible degree of sequence differentiation between 
intercontinental disjuncts led to this hypothesis being reject by the authors in favour 
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of more recent dispersal. Based on ITS variation Shaw (2000, 2001) expresses 
complex infraspecific phylogeographic and phylogenetic patterns and points out 
cryptospeciation within Mielichhoferia elongata (Hook.) Hornsch. and M. 
mielichhoferiana (Funck in Hook.) Loeske.  
 
The concept of phylogeography was presented by Avise et al. (1987) and 
represented an important step in understanding of population genetics and 
systematics at species level. Phylogeographic analysis has predominantly been 
applied in animal systems because maternally inherited mitochondrial DNA of these 
organisms varies to a considerable degree and is not subject to recombination, 
making it an ideal object to study. In contrast, the sequence divergence of plant 
mitochondrial DNA, although evolving more rapidly, is still slowly evolving molecule 
(Dowling et al., 1996). Nevertheless, recent years have seen a growing interest on 
the part of plant biologist in the application of phylogeographic methods and in many 
cases plant chloroplast DNA has been shown to vary sufficiently for phylogeographic 
studies to be carried out, although sites showing more variability would be desirable 
(e.g. ITS region; Schaal et al, 1998), if the variability is not intemperate.          
 
1.5. SPECIES CHOSEN FOR OUR INVESTIGATION 
 
Long terrestrial history of mosses with almost no fossil record, where climatic 
oscillations occurred, their ranges which are bigger than those of vascular plants, but 
often scattered and not easy explained bring us to idea to lead molecular 
investigations in selected mosses with aim to get the picture of genetic diversity 
among populations and try to reconstruct their phylogeography, relictness vs. 
dispersal in Europe by comparing certain DNA sequences. For these purposes five 
moss species were chosen: Campylopus oerstedianus (Müll. Hall.) Mitt. , Hilpertia 
velenovskyi Schiffner, Isothecium holtii Kindb., Rhytidium rugosum Hedw. (Kindb.) 
and Dichelyma capillaceum (Dicks.) Myr.  
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1.5.1. CAMPYLOPUS OERSTEDIANUS (Fig. 4.-6.) 
 
Campylopus oerstridanus was firstly described as C. mildei from South Tyrol, and 
was treated for a long time as endemic from the Alps. Lately, it was found in 
Pyrenees and North Greece (Chalkidiki), what give an idea of its tertiary origin. 
Afterwards, this species was found in Costa Rica, Jamaika and Georgia (Frahm, 
1988; 1999). This inferred to the idea that this species of cyrcum thetian distribution 
is of high relict characteristics. Species was later found in some more Central 
European sites (France, Switzerland), and due to its sterility all over its range, it was 
good model for our moss relict case study. 
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Fig. 4. and 5. Plants of Campylopus oerstedianus, with detached tips. (Photos J.-P. 
Frahm) 
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Fig. 6. Habitat of Campylopus oerstedianus in Vosges Mts., France (Photo J.-P. 
Frahm) 
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1.5.2. HILPERTIA VELENOVSKYI (Fig. 7.-9.) 
 
Hilpertia velenovskyi is obligatory loess cliff growing species, with its main distribution 
in central and Eastern Europe. However, lately with its synonymization with H. 
scotteri from China (Tan and Zhao, 1997) and new records in Alaska and Canada its 
distribution is scattered and comprises Holarctic. Recently, it is discovered also in 
Western Germany (Frahm, 2000). Since it has very specific habitat demanding and is 
addicted especially to glacial relief forms, plus rarely seen with sporophyite, it is 
considered to be a good model for our investigations.    
 
   
Fig. 7. and 8. Plants of Hilpertia velenovskyi (Photos J.-P. Frahm) 
 
 
Fig. 9. World distribution map of Hilpertia velenovskyi, showed by black dots. 
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1.5.3. ISOTHECIUM HOLTII (Fig. 10.-13.) 
 
Isothecium holtii has been regarded either as good species, dubious species, or as a 
variety of either I. alopecuroides or I. myosuroides. Its distribution range includes the 
British Isles, western France and western Norway, with disjunct occurrences in 
Central Europe and Turkey. 
Its range, rarity, recently new records out of known western-European range and 
sterility make this species good model for our study. 
 
     
10.             11. 
   
12.             13. 
Fig. 10.-12. Plants of Isothecium holtii (Photos J. –P. Frahm) 
Fig. 13. Habitat of Isothecium holtii, Rurtal by Aachen, Germany (Photo J.-P. Frahm) 
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1.5.4. RHYTIDIUM RUGOSUM (Fig. 14.-15.) 
Rhytidium rugosum is widespread pleurocarpous moss species in Northern 
Hemisphere. However, its range is very scattered. In the Central Europe it is 
characteristic for sunny, warm and open habitats (Frahm, 2005). It is present in the 
Alps till 2000m (Düll, 1994) and in southern Europe, but with significantly higher 
abundance in Scandinavia (Nyholm, 1954-1968). In North America it reaches the 
peaks up to 3500m and is generally present in tundra vegetation (Lawton, 1971). Its 
general distribution is of boreal type.  
The species is over its range mainly sterile and extremely rarely seen with 
sporophytes. Eventhough, R. rugosum does not have any special kind of vegetative 
spreading mechanisms. So the origin and genetic diversity among its population is 
questionable. Are all population derived from one refugial which survived Ice Age or 
there have been more smaller refuge spaces and nunatcks and more than one 
migration events, due to the evidence of its range dynamics?   
 
 
     
 
 
Fig. 14. and 15. Plants of Rhytidium rugosum, Altenahr, Rheinland-Pfalz, Germany 
(Photo M. Sabovljević). 
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1.5.5. DICHELYMA CAPILLACEUM (Fig. 16.-18.) 
 
The dioeceous moss Dichelyma capillaceum (Fontinalaceae) has a very scattered 
amphi-atlantic range, mainly represented in the North-Eastern part of North America 
and Scandinavia (Nyholm, 1960; Toivonen, 1972; Crum and Anderson, 1981; 
Ireland, 1989). In Europe, most of the populations (19) are situated in southern 
Sweden, but are decreasing (ECCB, 1995; Hylander 1998). Further on, a very few 
small populations are known from Finland, Poland and Karelia in Russia (Kotiranta et 
al., 1998). In Estonia, it cannot be refound and populations known from Danmark, 
Italy and all except one in France are assumed to be extinct (Allorge and Jovet-Ast, 
1948; ECCB, 1995). No data on recent populations from Poland and Karelia are 
available. Each one population from Germany and from France seem to be still 
present. The records from the Netherlands, Greece and Sicily are reports from 1760, 
1851 and 1888, respectively (Touw, 1989; Preston, 1984; Dia et al., 1987), but none 
of these has been verified. So the actual centres of distributions of this rare and 
endangered species are North-eastern North America and Northern Europe.  
No data on reports of European fossil or subfossil finds of D. capillaceum has been 
found (e.g. Jovet-Ast, 1967; Dickson, 1973) and at least no Quaternary subfossils of 
this species exist from North America either (Miller, 1980; Janssens, 1983).   
 
Dichelyma capillaceum is yellowish-brown to green, medium sized pleurocarpous 
aquatic moss growing in small tufts up to 10cm long. Leaves are erect-spreading, 
slightly falcato secund and lanceolate. Nerve is excurrent in long, aristate point about 
½ the length of the leaf. The capsules are extremely rare and immersed. The species 
is almost without exception sterile in Europe, and it is suspected to have lost its 
ability to produces capsules due to declining habitat quality and frequencies of male 
plants (Hedenäs et al., 1996). Currently spreading occurred asexually with the 
fragments of the young branches. No specialized vegetative dispersal units are 
known in D. capillaceum, but possibly plants can be dispersed vegetatively, either at 
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a limited locality by elongating stoloniferous shoots that are sometimes seen firmly 
attached to the substrate or, within the a water course by fragmentation (Toivonen, 
1972). There is no evidence of long distance dispersal, and the main dispersal vector 
seems to be stream water.  
It inhabits riparian habitats, growing on the tree bark and rocks.  
 
In Europe, this species is treated as vulnerable and is included in Appendix I of the 
Bern Convention and in Annex 2 of the EC Habitats and Species Directive.  
 
Dichelyma capillaceum has been found in Germany only once between Bonn and 
Cologne at the beginning of the 20th century (Brasch, 1923). The locality is ca. 1500 
km air distance away from the main European range in Scandinavia (Sweden). 
Again, Feld (1958) cited the locality without confirming the existence of the 
populations and mentioned that there are two more literature data for the eastern 
Germany (Sagan and Westprußen), taken from Mönkemeyer (1927). The searches 
to find German populations failed over years and Düll (1980) states that the species 
is impossible to find due to change of landscape and finally considered it as extinct 
(Düll, 1994). The species was re-found in sterile stage again in 1997, more than 
seventy years after previous records (Frahm and Stapper, 1998). Even, the species 
is cited as exclusively sterile as it is mostly over all it present range in Europe, one 
herbarium specimen from 1923 bear sporophytes.  
 
It is not clear weather the German population settled the present habitat by long 
distance dispersal originated from either North American or Scandinavian 
populations or was it there for a long time already.  Also, considering that species 
was not seen for the decades with sporophytes across its range, and no propagules 
for long range spreading are known, the question of the relationship of German 
population with representatives in two present centers of its distribution is raises.  
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Fig. 16.-17.  German population of Dichelyma capillaceum in 1997 (left; foto J.-P. 
Frahm) and 2005 (right, foto M. Sabovljevic). 
 
 
 
 
Fig. 18. World distribution of Dichelyma capillaceum (redrawn from Hedenäs et al., 
1996) 
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2.0. AIMS, MATERIAL AND METHODS   
 
 
2.1. AIMS 
 
The aims of the thesis presented here were to answer the following question: 
Are disjunct bryophyte populations the remnants of relicts or results of long 
distance dispersal events? 
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2.2. MATERIAL PREPARATION 
 
The fresh material of selected moss species populations was collected and deposed 
in herbarium BONN as voucher specimens. The moss patches were taken as much 
as possible to be one clone. Some moss material is generously sent by various 
colleges from Europe and Asia, as well as from curators of various herbaria. Those 
specimens were selected not to be more than ten years in dry state of herbarium 
collections. 
 
Moss material is dry cleaned (always with gloves on hands), and then the green tips 
of mosses (as much as possible) have been taken out with the fire sterilized but 
cooled forceps, always from the same branches if possible (to avoid different clones 
in the same moss patches). The moss tips are transferred in clean sterilized Petri 
dish and rinsed with distilled water.  
Petri dish is placed under the stereo microscope and then tip by tip is examined 
using sterilized forcepses to take away impurity of various, under stereo microscope 
visible, particles, algae etc. Such a way cleaned moss tips were transferred to 
another sterile Petri dish. Sterile water was added and again was carefully examined 
to dirt. The tips were two more times rinsed with sterilized water, and than transferred 
to clean imbibe paper till dry. Afterwards, the dry tips were collected with sterilized 
forceps to dry clean and previously prepared envelopes with codes of specimens 
from the database and lived in the chamber with silica gel.  
This way prepared material can be kept till few weeks before start of DNA extraction. 
Alternatively, clean moss tips can be transferred in 2.0 ml Eppendorfs or envelopes 
of Alu – folia with labels and deposed in –20°C till DNA extraction. 
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2.3. DNA EXTRACTION  
 
(All dishes, plastic and instruments are previously autoclaved) 
 
Previously autoclaved spatulas and forcepses sterilized trough the fire with ethanol. 
CTAB – buffer heat in water bad till 60°C. It is necessary approximately 800µl per 
sample. Add mercapto-ethanol (ME) to CTAB buffer (ratio 20µl ME/10 ml CTAB) and 
shortly keep in water bad at 60°C.  
Way 1:  
1. Add autoclaved send to squash dish.  
2. Add sample from the eppendorfs or envelopes to squash dish.  
3. Add 500 µl CTAB+ME to squash dish.  
4. Macerate until the moss tips are completely squashed.  
5. Collect the contents of the squash dish in 2.0 µl eppendorf. 
6. Add 100 µl of CTAB+ME to collect remnants from the dish walls.  
7. Collect the contents of the squash dish in 2.0 µl eppendorf. 
8. Transfer the eppendorfs with CTAB+ME and squashed moss content to water 
bad at 60°C for 30 minutes and every 5 minutes strongly shake. 
9. Add 200 µl CTAB+ME to squash dishes and repeat all from the step 4. 
10. New content of squash dish add to previously.    
11. Centrifuge 2 minutes at 14000 rpm at room temperature. 
12. Collect the supernatant to 1.5 µl eppendorfs, and leave it at room temperature.  
Way 2: 
1. Transfer the prepared moss material to 2.0 µl eppendorfs. 
2. Add 2 or 3 metal balls of 2 or 5 mm diameter (depending of moss material 
consistence) 
3. Put the eppendorfs in the right position in the strong shaking machine and 
start it 2 to 8 minutes at 30 Hz (also depending of moss material consistence) 
4. To dusted mosses in eppendorfs add 500 µl CTAB+ME 
47 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
5. Transfer to the water bad at 60°C for 30 minutes and every 5 minutes strongly 
shake. 
6. Centrifuge 2 minutes at 14000 rpm at room temperature. 
7. Collect the supernatant to the 1.5 µl eppendorfs. 
8. Add 300 µl CTAB+ME to the subnatant and put the eppendorfs in the right 
position in the strong shaking machine and start it 2 to 8 minutes at 30 Hz 
9. Transfer to the water bad at 60°C for 30 minutes and every 5 minutes strongly 
shake 
10. Centrifuge 2 minutes at 14000 rpm at room temperature. 
11. Collect the supernatant and add to the previously one in the 1.5 µl eppendorfs 
 
To the collected supernatant add chlorophorm in ratio 1:1 and shake it 5 minutes 
without interruption. 
Afterwards, centrifuge 10 minutes at room temperature at 14000 rpm. 
Upper clear phase transfer to new 1.5 µl eppendorf and add 0.8 isopropanol (100 %) 
of phase volume. 
These eppendorfs should be at least 20 minutes at –20°C, but it is possible to leave it 
for a few days. 
Cool the centrifuge till 4°C, and centrifuge the eppendorfs from the –20°C 30 minutes 
at 14000 rpm. 
Get out the isopropanol form the eppendorfs taking care not to pick up the pellets. 
Pellets wash up with 200 µl of 70% ethanol, centrifuge 1 minute at 14000 rpm 
afterwards getting out the ethanol leaving pellets within the eppendorf (two times). 
Leave the pellets to dry at least 30 minutes. 
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Dry pellets dissolved in 50 µl of TE (or water). 
Dissolving pellets can be kept all night in shaker, or in water bad at 30°C, or can be 
leaved for a few days at + 4°C. 
2.4. POLYMERASE CHAIN REACTION PROTOCOLS (Tab. 2a, b. and 3a, b.) 
 
Make master mix in one eppendorf. Than transfer 45µl of master mix to each 
eppendorf. Add 5µl of template (diluted extracted DNA 1:4) or alternatively 1.45 µl 
non-diluted extracted DNA. 
The following pattern were used (Tab. 2a, b and 3a, b.): 
 
Tables 2a and 2b. Polymerase Chain Reaction Protocol  
2a. For double stranded PCR amplification of ITS/IGS regions of the nrDNA 
µl of 50µl 
reaction
2(3) 4(5) 6(7) 8(9) 10(11) 12(13)
H2O (ultraclean) 24.2 72.6 121.0 169.4 217.8 266.2 314.6 
10X Taq Buffer  
(containing 15mM MgCl2) 
5.0 15.0 25.0 35.0 45.0 55.0 65.0 
25 mM MgCl2 1.5 4.5 7.5 10.5 13.5 16.5 19.5 
Forward primer 20pmol/µl 2.0 6.0 10.0 14.0 18.0 22.0 26.0 
Reverse primer 20pmol/µl 2.0 6.0 10.0 14.0 18.0 22.0 26.0 
dNTP (each 1.25 mM) 10.0 30.0 50.0 70.0 90.0 110.0 130.0 
Taq DNA polymerase 
(5units/µl) 
0.3 0.9 1.5 2.1 2.7 3.3 3.9 
 
2b. For double stranded PCR amplification of trnL-F regions of the plastid DNA 
µl of 50µl 
reaction
2(3) 4(5) 6(7) 8(9) 10(11) 12(13)
H2O (ultraclean) 23.7 71.1 121.0 169.4 217.8 266.2 314.6 
10X Taq Buffer  
(containing 15mM MgCl2) 
5.0 15.0 25.0 35.0 45.0 55.0 65.0 
25 mM MgCl2 2.0 6.0 10.0 14.0 18.0 22.0 26.0 
Forward primer 20pmol/µl 2.0 6.0 10.0 14.0 18.0 22.0 26.0 
Reverse primer 20pmol/µl 2.0 6.0 10.0 14.0 18.0 22.0 26.0 
dNTP (each 1.25 mM) 10.0 30.0 50.0 70.0 90.0 110.0 130.0 
Taq DNA polymerase 
(5units/µl) 
0.3 0.9 1.5 2.1 2.7 3.3 3.9 
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Tables 3a and 3b.  
3a. The PCR Profile for amplification for the Internal Transcribed Spacer (ITS) region 
of the nuclear ribosomal DNA. 
Step Duration/Temperature Cycle 
Start DNA denaturation 5 min at 94°C 1 
DNA denaturation 1 min at 94°C
Primer annealing 1 min at 48°C
Extension 1 min at 72°C
Ending extension 10 min at 72°C
35 x 
Cooling 4°C  
 
 
3b. The PCR Profile for amplification for the trnL-F region of the plastid DNA. 
Step Duration/Temperature Cycle 
Start DNA denaturation 2 min at 94°C 1 
DNA denaturation 30 sec at 94°C
Primer annealing 30 sec at 60°C
Extension 30 sec at 72°C
Ending extension 1 min at 72°C
35 x 
Cooling 4°C  
 
 
2.5. PRIMERS (Tab. 4. and 5.) 
 
Primers for amplifying and sequencing the ITS region (ITS4-bryo and ITS5-bryo; Tab. 
4.) based upon the primers “ITS4” and “ITS5” respectively, designed and named by 
White et al., were slightly modified with respect to bryophytes. The primers ITS-C and 
ITS-D were modified for this study (ITS-D_bryo and ITS-C_bryo) and used for 
amplification of ITS 1 and ITS 2 and for sequencing reactions. ITS 1 was amplified 
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with primers ITS5 –bryo (forward primer) and ITS-C bryo (reverse primer). ITS 2 was 
amplified with primers ITS-D bryo (forward primer) and ITS4-bryo (reverse primer). 
 
Table 4.: Primer sequences used for amplification and sequencing of the ITS region. 
Underlined nucleotides represent changes with respect to the original primers of 
Blattner 1999. 
 
Primer  Sequence Data source 
ITS-C bryo GCA ATT CAC ACT ACG TAT CGC  Blattner 1999 
ITS-D bryo CTC TCA GCA ACG GAT ATC TTG  Blattner 1999 
ITS4-bryo  TCC TCC GCT TAG TGA TAT GC Stech 1999 
ITS5-bryo GGA AGG AGA AGT CGT AAC AAG G Stech 1999 
 
 
Sequencing reactions were performed with the reverse primer for either ITS 1 (ITS-C 
bryo) or ITS 2 (ITS4-bryo) or forward primer for either ITS 1 (ITS5-bryo) or ITS2 (ITS-
D bryo). 
 
The amplification of the trnT-L region (Taberlet et al., 1991) was carried out using the 
forward primer C and the reverse primer F (Tab. 5) slightly modified for bryophytes 
according to Meißner et al., (1998) and Sugiura et al., (2003). 
 
Table 5.: Primer sequences used for amplification and sequencing of the trnL-F 
region.  
Primer  Sequence Data source 
trnL-C bryo CGA AAT TGG TAG ACG CTG CG Meißner et al. 1998 
trnL-C CGA AAT CGG TAG ACG CTA CG Taberlet et al. 1991 
trnL-F bryo  ATT TGA ACT GGT GAC ACG AG Sugiura et al. 2003 
trnL-F ATT TGA ACT GGT GAC ACA AG Taberlet et al. 1991 
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2.6. AGAROSE GELS 
 
1. Test gel is used to check up weather there is DNA after extraction or PCR 
products. It runs ca. 1 hour at 70 V. 
Gel contains 0.9% of agarose in 120 ml of 1X TAE or 1X TBE. After gels solidify 
small gel chambers are filled with mix of 4µl loading buffer (6X), 2µl of 
concentrated extracted DNA and 1µl of gelstar (100X). 
 
2. Extraction gel is used to extract PCR products. It runs 3 hours at 80 V. 
Gel contains 1.2 % of agarose in 200 ml of 1X TAE or 1X TBE. After gel solidifies 
huge gel chambers are filled with mix of 5µl loading buffer (6X), 15µl of PCR 
product and 2µl of gelstar (100X). 
 
3. Quantity gel is used after purification of extracted PCR products for check up 
the quantity of extracted and purified PCR products. Gel contains 1% agarose 
in 100 ml of 1X TAE or 1X TBE. It runs ca. 1 hour at 70 V. Small gel chambers 
are filled with mix of 5µl DNA (PCR products), 3 µl of loading buffer (6X) and 2 
µl of gelstar (100X). 
 
As a buffer in gel trays 1X TAE or 1X TBE were used. 
 
 
Extraction 
 
1. All PCR products of the same simple and same pair of primers united in the 
one tube.  
2. To such a volume add 1/10 of volume of 5 M NaCl. 
3. Add 2 volume of PCR products volume 100% ethanol 
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4. vortex 
5. freeze 15-30 minutes or longer 
6. cool the centrifuge at +4°C 
7. centrifuge samples 10 minutes at 14 rpm at +4°C and afterwards discard 
supernatant 
8. add 350 µl of 70 % ethanol 
9. centrifuge 15 minutes at 14000 rpm at + 4°C and afterwards discard 
supernatant 
10.  dry pellets 
11.  rehydrate pellets in 15 µl H2Odd or 1X TE 
12.  load extraction gel with 15 µl of rehydrated pellets + 5 µl of loading buffer + 2 
µl of gelstar, in every secong gap 
13.  run the gel for 3-4 hours at 100 V. 
14.  For all extracted samples, measure one 1.5 ml tube 
15.  Cut the band and transfer it into labeled tube 
16.  Measure the full tube 
 
Extracted bands deposited in tube can stay over the night at +4°C or proceed 
directly with Gel Extraction Kit Protocols (QIA Gen, Sigma or Nucleo Spin) 
  
2.7. STOCK SOLUTIONS AND BUFFERS 
 
1. 0.5 M EDTA; pH=8.0 
 
Na2EDTA   164,14g 
H2Odd    1l 
 
EDTA- tetrasodium salt has pH=14, so the pH should be adjust at 8.0 adding HCl 
(20%).  
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Na2EDTA should be dissolved in ca. 800 ml of H2Odd, and after adjusting of pH filled 
with water till 1l all. It should be autoclaved. 
 
2. 0.5 M NaCl 
 
NaCl    29.2g 
H2Odd  
 
29.2g of NaCl put in the glass and add till 100 ml H2Odd. Keep in room temperature. 
 
3. 1x 7.5 M NH4Ac 
 
NH4Ac   57.8g 
H2Odd  
 
57.8g of NH4Ac put in the glass and add till 100 ml H2Odd. Keep in + 4°C. No 
autoclavable. 
 
4. 1x 3 M NaAc 
 
NaAc    24.6g 
H2Odd 
 
24.6g of NaAc put in the glass and add till 100 ml H2Odd. It should be autoclaved. 
 
5. 1 M Tris, pH=8.0 
 
Tris -HCl    121.14g 
HCl (20%) 
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121.14g of Tris put in the glass and add till 1l H2Odd adjusting pH=8.0. It should be 
autoclaved. 
 
6. CTAB extraction buffer 
 
5 M NaCl   28ml 
1 Tris-HCl   10ml 
0.5 M EDTA     4ml     
PVP      1g         
CTAB      2g   
than add till 100 ml H20dd adjusting at pH=8.0 with 20% HCl  
 
7. 10x TE buffer (Tris-EDTA; stock) 
 
1 M Tris-HCl   1ml 
0.5 EDTA   20µl 
than add till 100 ml H20dd adjusting at pH=8.0 with 20% HCl. It should be autoclaved. 
 
8. 10x TBE buffer  (Tris Borat EDTA; stock) 
 
Tris    108.0g 
Boric acid     55.0g 
0.5 M EDTA     40.0ml 
than add till 1000 ml H20dd. In Tris and boric acid add 800 ml water, add EDTA and 
adjust with 5 M NaoH at pH=8.56. H20dd should be autoclaved. 
 
9. 1x TBE is 10 time diluted 10x TBE, but should be check up if pH remains 8.56. 
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10.  20x TAE buffer (Tris Acetate EDTA; stock) 
 
Tris    96.8g 
Glacial acetic acid  22.84ml 
0.5 m EDTA   40.0ml 
 
Add tris in glacial acetic acid and ca. 800 ml H20dd, than add EDTA and adjust pH at 
8.0 with 0.5 M NaOH. 
 
11.  1x TAE buffer is 20 time diluted 20x TAE, but should be check up if pH 
remains 8.0. 
 
12.  6x loading buffer 
 
Brom phenol blue  0.25mg (0.25%; w/v) 
Xylencynol (optional) 0.25mg (0.25%; w/v) 
Glycerine   30.0 ml (30%; w/v) 
0.5 M EDTA   10 ml 
 
Add H20dd till 100 ml adjusting pH=8.0 (5 M NaOH). Keep at + 4°C. 
 
13.  dNTPs (each 1.25 mM) 
 
dATP (100 mM)  12.5 µl 
dGTP (100 mM)  12.5 µl 
dTTP (100 mM)  12.5 µl 
dCTP (100 mM)  12.5 µl 
 
Add 950µl H2OHPLC. 
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14.  Primers 
 
Primers arrive as powder like stuff (sometimes invisible), usually in blue cup 
manufactory tubes. Carefully open tube, since it is possible that some powder is in 
the lid. 
Primer should be dissolved in volume of H2OHPLC (ultraclean water) as indicated in 
report from manufacturer (“synthesis report”). That way stock of 100 pmol/µl (100 
mM) is made.  
Primers should be 20 pmol of working dilution for both PCR and sequencing. 
 
2.8. ALIGNMENT 
 
The sequences are aligned in the program manually, after preliminary aligned in 
ClastaX. The alignment was made manually so that the homologue positions are one 
under another in the Domix Alignment Editor (Hepperle 2002, 2003). All the 
sequences are used in 5’-3’ direction. 
 
2.9. CLADISTIC ANALYSIS 
 
The sequences contained information can gives trees with application of various 
methods. Phylodendrogram is based on the methods that can either nucleotide 
position comparison among sequences or complete sequences comparison reduced 
to data matrix that gives insight in the distance values (e.g. Sullivan and Joyce, 
2005). All the analyses are made in winPAUP 4.0b1.0 program (Swofford 2001, 
2002).   
 
2.9.1. Maximum parsimony (MP)  
The aim of MP method is to find the tree that represent the relationship among 
examined sequences which can be considered as the most probably due to the 
smallest steps needed to achieve this relationship (Farris, 1970), which is in 
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accordance with evolution postulate that the highest probability change in evolution 
comes with the shortest way to achieved the final characteristics. The method was at 
firstly used for morphological characteristics (Hennig, 1966) and afterwards 
developed in algorithm for nucleotide sequences (e.g. Fitch, 1971). 
 
In this method the position of the DNA sequences nucleotide are compared with each 
other. Non-variable parts of sequences do not count in analysis and so do not affect 
topology within the tree. The variable nucleotides within sequences make two 
groups: parsimony-uninformative and parsimony-informative. Uninformative are 
treated within analysis just in try for substitution (try for Autapomorphy). The topology 
of tree branches are made base on informative positions, which are informative 
between at least two sequence substitutions (Synapomorphies). 
 
There is more than one possibility to find shortest tree. In exact search the shortest 
trees are the best trees. This can be achieved by “exhaustive search”. For example, 
in the tree with three taxa, the program makes search based on sequence 
comparison for all possible position of the fourth taxon, than do the same for the fifth, 
and so on. When the 5 taxa are already in analysis, there are already 15 possible 
trees, and by 10 taxa there are 2 Milion alternatives for the shortest tree (Felsenstein 
1985, 1988). So this method due to its time and resource consuming is usually used 
for less than 10 taxa. 
 
The other possibility of exact search is the “branch and bound” method (Handy and 
Penny, 1982). In this method which is significantly quicker, the program run using 
taxon by taxon making tree if the next tree is longer than previous this one is 
abandoned and the algorithm goes another direction, to the upper limit which is made 
by user.  
 
In heuristic search, just the shortest trees are always saved, and than the algorithm 
search the position of the next taxon within this shortest tree, and so on till the last 
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taxon analyzed. This method is quicker than previously two but not always so exact 
(Kitsching, 1992). That is why the “random” method is used in 1000 replicates, which 
newly ordinate taxa that bring us more reliable results (Kitching, 1992). 
 
With aim to find the optimal tree, “tree rearrangement” algorithm is used, and using 
the option “tree bisection and reconnection (TBR)”, the tree will be cut into two parts, 
and than all possibility to combine it again will be searched (Swofford et al., 1996). If 
the program find shorter tree than at beginning, the start tree should be excluded in 
further consideration. If the algorithm find more than one short trees, it produce one 
so-called “consensus tree”. However, only the branching with over 50% of 
appearance should be considered (50% majority rule consensus tree) or even more 
strictly just the branches which appears in all trees (strict consensus tree). 
 
2.9.2. Maximum Likelihood (ML) 
The base in calculating the trees in this method is the same like in Maximum 
Parsimony, but the distance values are included in calculations (Lewis, 1988).  
To calculate with Maximum likelihood it takes longer than with Maximum Parsimony 
or Neighbor Joining methods, because after every tree it gets probability (likelihood) 
for achieved topology is searched. The higher probability of the tree achieved the 
evolution model is more reliable (Nei, 1996). 
The probability that the determined nucleotide appear in determined place of 
sequence is calculated by Substitution model.  
 
2.9.3. Neighbor-Joining (NJ) 
This method is based in contrast to previous two on distance among sequences 
analyzed. The algorithm made distance matrix for each pair wise sequences and 
compared them. The similarity of the two taxa is counted just like relationship 
between them (phaenetic principle). The tree is made starting with the pair that are 
the less distant, joining the taxon which is with the next less distant from the previous 
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(nearest neighbor). After each new topology made, the algorithm check-up that the 
branch length remains as short as possible.  
Many different parameters can be used in making distance matrix, or calculate 
substitution types. The mostly used parameter is uncorrected “p” distance, also used 
in further studies. 
2.9.4. Bootstrap Analysis 
Bootstrap test is used to validate the topology once obtained with previous 
algorithms. The algorithm weight Original matrix with the pseudo data it produced 
from original matrix and it delete isolated data (Felsenstein, 1985). Than it produce 
new consensus tree with 50% majority rules, which is statistical support and 
probability for the tree previously obtained.   
 
2.9.5. The chose of the outgroup 
With aim to get better and more reliable tree, outgroup taxa are used in calculation 
with our ingroup taxa (targeted and studied taxa). The outgroup taxa should not 
appear within the ingroup branches in tree topology. As ougroup, the best is to use 
taxa which are close but not to close to the ingroup taxa (sister taxa) and the taxa 
which are considered to be evolutionary older than taxa examined.   
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3.0. RESULTS 
 
The results of this dissertation are presented in five separate papers: 
 
3.1. Relict or long-distance dispersal? A phylogeography case study of the rare 
and endangered moss Campylopus oerstedianus (Müll. Hall.) Mitt. 
(Dicranaceae) in Europe (submitted) 
3.2. The origin of the German populations of Hilpertia velenovskyi (Pottiaceae, 
Bryopsida): inferences from variation in the nuclear ITS region (in press) 
3.3. Taxonomic value, systematic position and the origin of German populations 
of Isothecium holtii Kindb. based on molecular data (in press) 
3.4. Genetic diversity and phylogeography of the moss Rhytidium rugosum 
(Hedw.) Kindb. (Hypnales) in Europe (submitted) 
3.5. The origin of German population of  Dichelyma capillaceum inferred by 
trnL-F plastid DNA sequences (submitted) 
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3.1. Paper 1: 
 
 
Relict or long-distance dispersal? A phylogeography case study of the rare and 
endangered moss Campylopus oerstedianus (Müll. Hall.) Mitt. (Dicranaceae) in 
Europe (by Sabovljević, M and Frahm, J.-P., submitted) 
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Abstract 
The Genetic diversity and phylogeography of the moss species Campylopus 
oerstedianus in Europe was studied, based on the ITS region of the nrDNA of nine 
selected European populations. Although this species is known only in sterile stage, 
it seems to be that long-distance dispersal and so gene flow among populations is 
present within Europe. The Greek population is genetically most distant from the 
western-european populations, which indicates a long lasting isolation. The 
populations from France and Switzerland root together and have supposedly a 
common origin. Within the French population, that from the Pyrenées is the most 
basal one and the populations in the Massif Central and the Vosges Mts. can be 
derived from the latter. This indicates a dispersal from the Mediterranean to the north 
some time ago, although the species is sterile, and the dispersal propagules and 
vectors are not obvious.  
 
Keywords: moss, Campylopus oerstedianus, phylogeography, Internal Transcribed 
Spacer, genetic distance, conservation 
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Introduction 
 
A Trans-continental disjunct range, a pattern rather rare among vascular plant, is 
present among many bryophytes. Widely allopatric bryophyte species with 
morphologically similar populations can be genetically similar due to limited 
evolutionary potential or frequent gene flow by long-distance dispersal. Alternatively, 
phenotypically similar and disjunct populations of bryophytes may be genetically 
different, a consequence of genetic isolation due to a lack of gene flow.  
Problems of genetic divergence of morphologically homogenous bryophytes give 
interesting insights in phylogeography of bryophytes (Bischler and Boisselier-Dubayle 
1997; Wyatt et al. 1997; Shaw and Allen 2000; Shaw 2001). 
 
The moss genus Campylopus Brid. is assumed to be of Gondwanan origin (Frahm 
1988). Of the approximately 150 species within this genus worldwide (Frahm 1999, 
2001), few of them extend their range into Europe  (C. atrovirens De Not., C. 
brevipilus Bruch & Schimp., Campylopus flexuosus (Hedw.) Brid., C. fragilis (Brid.) 
Bruch & Schimp., C. introflexus (Hedw.) Brid., C. oerstedianus (Müll. Hall.) Mitt. C. 
pilifer Brid., C. pyriformis (Schultz) Brid., C. shawii Wils., C. schimperi Milde, C. 
gracilis Mitt., C. setifoluis Wils., C. subulatus Schimp. in Rabenh.).  
The population present in the Northern Hemisphere are either regarded as relict of 
warmer climate periods or neophytes in the bryofloras of North America and Europe 
(Frahm 1984, 1988, 2001). 
 
Plants of Campylopus oerstedianus (Müll. Hall.) Mitt. are 1-3 cm in height, in olive 
green tufts, lighter above and brownish below, evenly foliate, tomentose. The leaves 
are 4-5 mm, lanceolate, gradually narrowed into a subtubulose, straight, concolorous 
subula; alar cells are slightly differentiated, reddish or hyaline; basal laminal cells 
hyaline, rectangular; distal laminal cells thick-walled, subquadrate to short-
rectangular or oblique; costa filling half of the leaf width, excurrent in a short, hyaline 
tip, which is longer in perichaetial leaves, in transverse section showing adaxial 
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hyalocysts and abaxial stereids in groups of 2 cells, abaxially ridged. Specialized 
asexual reproduction is not seen. Sporophytes are unknown. It grows in thin soil 
layer covered half-exposed rocks. 
 
The rarest Campylopus species in Europe is Campylopus oerstedianus, which is 
known from only a dozen localities. It has been described from Europe as C. mildei 
Limpr. (Limpricht 1885-1903). Plants of C. oerstedianus resemble C. pilifer in habit, 
however, with shorter hairpoints. In shady habitats the hairpoints are sometimes 
lacking. The plants are microscopically distinguished from C. pilifer by the slightly 
different shape of the distal laminal cells and the transverse section of the costa, 
which lacks abaxial lamellae on the costa, and has smaller adaxial hyalocysts of 
about the diameter of the median deuter cells, and groups of abaxial stereids with 
only 2 instead of 4 stereid cells. 
 
C. oerstedianus  ranges from Costa Rica to Jamaica and North Carolina in the New 
World and occurs in Europe (Fig. 19) in France, Spain, Greece, Switzerland, and Italy 
(Frahm 1980, 1989, 2002; Dia 2000; Cros 2001). The distribution is very scattered 
and suggests a circum-Tethyan range (margins of the Caribbean and Mediterranean 
seas). In Europe it is considered to be a rare and endangered species (Sérgio et al. 
1994; ECCB 1995). 
 
The species occurs  in South-Eastern Switzerland and Northern Italy (7 small 
populations very close to each other), in the Pyrenées with few populations in Spain 
and France,  populations in North-Eastern France (Vosges Mts) and the Massif 
Central and with one population in Northern Chalkidiki (Greece) and Corse (France).  
Its European range can be considered as scatterred subatlantic-supra-
mediterranean. Recently, it was reported from Sicily (Dia 2000). The fact that all 
European populations are disjunct and widely separated from each other and the 
species is (worldwide) known only in sterile condition raises several questions: 
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Fig. 19. Distribution of Campylopus oerstedianus in Europe (dots indicate all known 
localities) 
 
 
1) Are the European populations relicts of a former continuous range or were 
they derived  from other populations?  
2) Are there significant genetic differences among the European populations?  
      3)  Is there any gene flow among the disjunct European populations? 
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Materials and methods 
Nine C. oerstedianus specimens from all over Europe were used for the molecular 
study. GenBank accession numbers and the details of collection are given in Table 6. 
Table 6. The following specimens of C. oerstedianus were used for the molecular 
study: 
Species Origin GenBank 
Accession 
No. 
C. oerstedianus Greece, Chalkidiki, Holomonadas, 
Sommergrüner Laubwald/Waldtal ca. 6 km 
oberhalb (s) Arnea. Silikatgestein, Granit, 
ca. 750 m. leg. R. Düll, 08.07.1993; (dupl. 
BONN s.n.)  
AM049319 
C. oerstedianus Switzerland, Tessin (Ticino) – population 
1, Morcote, Lugano, plentiful on acid rock 
by roadside of Parco Scherrer, alt. C. 
300m. Leg. C.C. Townsend 10.09.2000 
(dupl. BONN s.n.) 
AM049326 
C. oerstedianus France, Vosges Mtns.,,   - population 1, 
Haute-Saône, Tal der Beuletin NE 
Faucogney, leg. J-P. Frahm 31.10.1999, 
an Hornfelsklippen, Nr. 4479  
AM049322 
C. oerstedianus France, Vosges Mts.,   - population 2, 
Dépt. Haute-Saône, Esmoulières, an der 
Strasse nach Faucogney, leg. J.-P. Frahm 
12.09.2003, Strassenrand, Nr. V5180 
AM049323 
C. oerstedianus France – Dept. Corèze, between Argentat 
and Beaulieu, vertical silicious rocks. Leg. 
Frahm 09.09.2002 (BONN s.n.) 
AM049324 
C. oerstedianus France Dépt. Haut Loire, - leg. J.-P. Frahm 
07.04.2002, (BONN, s.n.)  
AM049325 
C. oerstedianus France, East Pyrenées, – population 1, 
Dépt Pyrenées Orientales, 1km unterhalb 
Grotte de Ponade W Banjuls sur Mer 80m, 
alt. Garrigue leg. Frahm 18.03.00 (BONN 
s.n.)  
AM049320 
C. oerstedianus France, East Pyrenées, – population 2,  
Dépt Pyrenées Orientales, 1km unterhalb 
Grotte de Ponade W Banjuls sur Mer 
100m, alt. Garrigue leg. Frahm 18.03.00 
(BONN s.n.)  
AM049321 
C. oesterdianus Switzerland, Tessin (Ticino) - population 2 
NW Seite des Lago di Muzzano, SW 
Ligano, 360m An offen S exp Silikatfelsen 
im Laubwald leg. M Ahrens 08.10.1987 
(BONN s.n.) 
AM049327 
67 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
Voucher specimens are deposited in the herbarium BONN. 
As molecular marker, the Internal Transcribed Spacer (ITS) region of nrDNA was 
chosen because this region has revealed useful in the differentiation of taxa on a 
species or infraspecific level (Wendel et al. 1995; Baldwin and Sanderson 1998; 
Baldwin and Markos 1998; Ainouche and Bayer 1999; Andreasen and Baldwin 
2001).  
 
Prior to DNA extraction the plant material was thoroughly cleaned with distilled water. 
Success of cleaning was checked by examining the plants under a dissecting 
microscope. Remaining contaminants of algae, fungi, etc. were removed 
mechanically. DNA was isolated from silica dried fresh meterial mainly following the 
method Doyle and Doyle (1990). PCR amplification (Biometra TriBlock thermocycler, 
PTC-100 or PTC-200 MJ Research) were performed in 50 µl reactions containing 
1.5U Taq DNA polymerase (Qiagen), 1mM dNTPs- Mix each 0.25 mM (Roth), 1 x 
buffer (Qiagen), 1.5-2.6Mm MgCl2 (Qiagen) and 12.5 pmol of each amplifivation 
primer. PCR products were purified using the QIA qick purification kit (Qiagen). For 
cycle csequencing, half reactions were prepared using the ABI Prism Big Dye 
Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq-DNA polymerase FS 
(Perkin-Elmer), applying a standard protocol for all rection. Exstension products were 
precipitated with 40µl 75% (v/v) isopropanol for 15 min at room temperature, 
centrifuged at 15.000rpm and washed two times with 250 µl of 75% (v/v) isopropanol. 
All products were sequenced using two primers in DNA Sequencing Facility, 
University of Maine, USA. 
For amplifying and sequencing the ITS region the primers ITS4 and ITS5 (forward 
ITS 5bryo (5'-GGAAGGAGAAGTCGTAACAAGG-3' and reverse ITS 4bryo (5'-
GCAATTCACACTACGTATCGC-3') originally designed by White et al. (1990). The 
entire ITS region was amplified using a protocol consisting of 5 min 94°C, 35 cycles 
(1 min 94°C, 1 min 48°C and 1 min 72°C) and 4 min 72°C extension time following 
completion. Cycle sequencing was performed using the following program: 25 cycles 
(30s 96°C, 15s 50°C and 4 min 60°C).  
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Calculations of molecular trees (Maximum Parsimony, Maximum Likelihood and 
Neighbor Joining) were performed with PAUP 4.0b10 (Swofford 2002). All characters 
were equally weighted and unordered. Multistate characters were interpreted as 
uncertain and gaps coded as missing data. Heuristic bootstrap searches were 
preformed with 1000 replicates, 100 random addition per bootstrap replicate. The 
data were analysed using Maximum Parsimony, Maximum Likelihood and Neighbor 
Joining approaches on manual arranged alignments. Two accessions form the 
GenBank were used as outgroups: Pilopogon guadalupensis (AF444112) and P. 
laevis (AF444139). 
 
Results 
 
The combined length of the ITS1-5.8S rRNA-ITS2 region was 871 to 959 base pairs 
(bp). The shortest sequence was the one from Greek population (871 bp) and the 
longest of French - Haute Loire population (959 bp). The ITS1 region is variable with 
a few indels but not so much in range (from 400 bp in Greek population to 417 in 
Swiss-Tessin 1 population). The 5.8S rRNA gene had a constant length of 158 bp in 
all accessions. The ITS2 region (partial) was less variable in length in comparison 
with the ITS1 region. 
The alignment had a total length of 1189 bases.  
Of the aligned sequences, 1128 positions were constant, 39 characters were variable 
and parsimony uninformative and 27 were parsimony informative. Gaps were 
excluded from further analysis.  
 
Discussion and Conclusion 
 
The Maximum parsimony tree (Fig. 20) shows similar grouping pattern of that one 
shown in neighbour joining tree.  
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Fig. 20. Strict consensus tree of 1020 most parsimonious tree inferred from heuristic 
search of ITS sequences of Campylopus oerstedianus in Europe, with Pilopogon as  
outgroup representative, shows the phylogeographic relationships of selected 
European populations of Campylopus oerstedianus. Bootstrap values >50% and 
substitutions in brackets are indicated in ramification points. 
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Our molecular data support the idea that there is no genetic exchange among 
populations of C. oerstedianus in Europe. 
 
The population in Northern Greece forms a separate clade, which implicates a long 
period of genetical isolation from the rest of the European populations. 
The populations in the Southern Alps are connected with the western European 
populations but form a separate branch. 
 
A possible explanation could be that all European populations formed once a 
continuous range, of which only local populations remained. Due to the sterility of the 
species, the populations remained separated. In this case, the genetic distances 
between the populations should be all the same. However, the fact that the French 
populations from the Massif Central and the Vosges Mts. root together indicates a 
phylogeographic relationship. Therefore it could be possible that these populations 
are derived from the plants in the Pyrenées and reached the Massif Central and the 
Vosges Mts. by long distance dispersal. Due to the sterility of the species, vegetative 
propagation must be taken into account, which by our observation can happen in this 
species by means of detached stem and leaf tips. This would reveal the potential of 
long distance dispersal by relatively large diasporas. It is supported by the fact that 
the populations in Central and North Eastern France are along the route of the 
prevailing SW-winds. Unfortunately we have no evidence for a determination of the 
time, when this dispersal happened. If we assume that the separation of the Swiss 
and French populations happened as a result of the last Ice Age, the dispersal to the 
North took place in the postglacial period, perhaps during the postglacial climatic 
optimum 8000 yrs. b.p. It could also be that the separation of the populations in the 
Pyrenées and the Southern Alps happened already earlier. In this case the spreading 
to Central and north-eastern France could also have happened earlier, perhaps even 
before the last Ice Age. 
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The possibility of a dispersal from the Pyrenées could be considered as most 
appropriate explanation for the phylogeography of C. oerstedianus in Europe since 
there are examples that long-distance dispersal in bryophytes are present where 
unexpected by vehicle of wind, storms, water flows and other means (Muñoz et al. 
2004). Species with highly disjunctive distributions have generated controversy, 
however, because of long-distance migration is thought to be rare (Nathan 2001). 
Several studies suggest that long-distance dispersal of spore may be more common 
than previously appreciated (James et al. 2001; Skotnicki et al. 2001; McDaniel and 
Shaw 2003). However, empirical estimates of central parameters, such as rates of 
migration and colonization are still lacking (Husband and Barrett 1996). In 
Campylopus case, some atypical spreading mean like detached leaf tips or part of 
gametophores seem to be the most probable propagules for dispersal. Although the 
predominant means of long-distance dispersal is presumably accomplished by 
spores (Mogensen 1981; Bremer and Ott 1990; Miles and Longton 1992), some 
authors suggest gametophyte fragments (Miller and Ambrose 1976; During 1997; 
McDaniel and Miller 2000) or specialized asexual reproductive structure (Kimmerer 
1994) to be responsible for long-distance dispersal in some smaller scale. 
 
According to our molecular data, it can be considered the oldest populations are 
those in the Pyrenées and in northern Greece. The “p” distance analyses of selected 
population support the trees. The Greek population has the lowest similarity to all the 
others (73.2-79.2%), while the greatest similarity showed to be between two 
Pyrenées populations (91.8%) and two Vosges populations (93.6%). GC content in 
examined sequences is stabile (48.16-48.91%).  
 
The conservation status of C. oesterdianus is uncertain in Europe. The biology of this 
species reveals to be unknown. Its IUCN protection status in European level should 
be considered in endangered (EN). However, inferred from molecular data obtained 
and some personal observation of French populations, no special protection 
measures are proposed considering that the populations are isolated and very small, 
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but however with existing but not determined spreading potential. The Greek 
population is of especial conservation interest due to its genetic distinctness from all 
other European populations. So far, passive conservation measures (e.g. bryophyte 
microreserves), and active monitoring if known populations increase, decrease or 
stay stable are considered to be enough until new biology investigation insights of 
this species are present (e.g. sexual structure of population, way and means of 
spreading).      
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3.2. Paper 2: 
 
 
The origin of the German populations of Hilpertia velenovskyi (Pottiaceae, 
Bryopsida): inferences from variation in the nuclear ITS region (by Sabovljević, M., 
Frahm, J.-P. and Schaumann, F., in press, Cryptogamie Bryologie) 
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Abstract - Hilpertia velenovskyi is a continental-subarctic moss species, with a range 
from Ellesmeere Island over Canada, Siberia, Mongolia to China and with plenty 
records in Eastern and South-Eastern Europe. The species is an element of cold 
loess steppes. Recently, Hilpertia velenovskyi was recorded as new from Eastern 
Germany in Saxony and in Western Germany in Rheinhessen. To clarify, whether the 
German populations are a result of recent spore dispersal or perhaps relicts from the 
last Ice Age, a molecular analysis of the nuclear ITS region has been undertaken. 
The results show a clear separation of the population from Rheinhessen from the 
other investigated populations, which either indicate a long isolation possibly since 
the last Ice Age or a recent spore long-distance dispersal. The population from 
Saxony clusters with populations from Hungary and Serbia and is thus part of a 
Central-European group.  
Zusammenfassung - Hilpertia velenovskyi ist eine kontinental-subarktische Moosart, 
deren Areal von Ellesmeere Island über Kanada, Sibirien in die Mongolei und nach 
China reicht und die Vorkommen im östlichen und südöstlichen Mitteleuropa hat. Sie 
ist eine Art der Kältesteppen auf Löß. Die westlichsten Vorkommen liegen in 
Sachsen in Ostdeutschland und Rheinhessen in Westdeutschland. Um zu klären, ob 
die rheinhessische, disjunkte Population von Hilpertia durch eine rezente 
Neuansiedlung über Sporenfernverbreitung stammt, oder aber autochton ist und dort 
eventuell schon seit der Eiszeit überdauert hat, wurde eine molekulare Untersuchung 
vorgenommen. Dabei wurden die genetischen Distanzen zwischen Populationen von 
Hilpertia velenovskyi aus Rheinhessen, Ungarn, Serbien und Zentralasien an Hand 
von Sequenzen der intern transkribierten Spacer 1 und 2 (ITS1/2 der nrDNA) 
bestimmt. Es zeigt sich, dass die Population aus Rheinhessen von den übrigen 
europäischen Populationen verschieden ist, was entweder bedeutet, dass diese 
Population seit langer Zeit, vermutlich seit der letzten Eiszeit, keinen Genaustausch 
mit den übrigen Vorkommen in Mitteleuropa hat und daher als Glazialrelikt zu werten 
ist. Eine andere Möglichkeit ist, dass diese Population durch Sporenausbreitung aus 
einem anderen Teil der Erde hierher gelangt ist. Die Population aus Sachsen clustert 
mit den übrigen Populationen aus Mitteleuropa und ist Teil der dieser Gruppe. 
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Introduction 
 
Many bryophyte species show transcontinental disjunct ranges, a pattern that is 
rather rare among vascular plants. Morphologically similar bryophyte populations that 
are widely allopatric can be genetically similar, as a result of either limited 
evolutionary potential or frequent gene flow by long-distance dispersal. Alternatively, 
phenotypically similar and disjunct populations of bryophytes may be genetically 
differentiated, a consequence of genetic isolation due to a lack of gene flow. 
Problems of genetic divergence of morphologically homogenous bryophytes give 
interesting insights in phylogeography of bryophytes (Bischler and Boisselier-
Dubayle, 1997; Wyatt et al, 1997; Shaw and Allen, 2000; Shaw, 2001). One of the 
bryophyte examples with very scattered range is Hilpertia velenovskyi (Schiffn.) 
Zand. 
 
Hilpertia is a monospecific genus. It is based on material collected in the vicinity of 
Prague in the Czech Republic and described by Schiffner in 1893 as Tortula 
velenovskyi Schiffner. Later Zander (1989) give the genus genus Hilpertia, based on 
the strongly recurved laminal margins forming a hollow tube of thin-walled and 
papillose cells. The species is characteristic of cold steppe habitats. The type locality 
remained for a long time the only known locality for this species. Some fifty years 
later, Boros (1944) found H.velenovskyi in North-Eastern Hungary. Subsequently 
Podpera (1954) recorded it from Serbia, Pilous (1958) from the Czech Republic and 
Waclawska (1958) and Kuc (1960) from Poland. Later, Pócs (1999) added many new 
localities for Hungary and neighbouring regions. Müller (2000) reported this species 
as new for Germany based on a collection from the vicinity of Dresden (Eastern 
Germany), and Frahm (2000) confirmed the presence of this species in Germany 
based on a collection from another loess cliff from Rheinhessen (Western Germany). 
The records by Dresden in Saxony is close to known localities of  Hilpertia 
velenovskyi in Czech Republic, but the one in Rheinhessen is the westernmost 
locality in Europe and quite far away from any other continental population. 
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Firstly, it has been thought that Hilpertia (Tortula) velenovskyi is European endemic 
species. However, another Hilpertia species (Hilpertia scotteri (R. H. Zander and 
Steere) R. H. Zander) was described from the Northwest Territories of Canada as 
Tortula scotteri R. H. Zander & Steere (Zander and Steere, 1978). B. C. Tan and J. 
Zhao (1997) threat H. scotteri is a synonym of H. velenovskyi, which extend its range 
over Northern Hemisphere but make it even more scattered (Fig. 9.). During the last 
few decades, many new sites in the Northern Hemisphere were recorded (Bai 1987, 
Tung 1963, Sibiria: Ignatov and Afonina, 1992, China: Tan and Zhao, 1997, North-
Canada: Zander, 1989, dry areas of British Columbia: McIntosh, 1989, and 
Ellesmeere Island: Mogensen and Zander, 1999). 
 
Hilpertia velenovskyi is a continental-subarctic moss species, with a range from 
Ellesmeere Island over Canada, Siberia, Mongolia to China and with plenty records 
in Eastern and South-Eastern Europe. The species is an element of cold loess 
steppes. 
 
The habitat of Hilpertia in Europe on dry and sunny loess cliffs, as well as the 
accompanying bryophyte species (species of Aloina, Pterygoneuron, Crossidium pp.) 
suggest a xerothermic species. For a map of the complete Holarctic distribution see 
Müller (2000), which suggests a rather subarctic – continental range.  
 
The westernmost European populations are in Germany (Rheinhessen) and this 
raises the question about the origin of these populations. The record near Dresden is 
not far from the localities in Czech Republic, whereas the record from Rheinhessen is 
more than 500 km disjunct from the central and eastern European populations. There 
are principally two possibilities: First, the population in Rheinhessen is a result of a 
relatively recent dispersal from the population in Central and Southeast Europe, or 
long-distance dispersal from some extra European population. Secondly, we may 
also consider a long lasting separation of the population, which may even go back to 
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the last glaciation, when Hilpertia could have been indigenous in the former loess 
steppe in Rheinhessen.  
 
The possibility that species could be overlooked is excluded since loess cliffs are 
small and ones of the best investigated habitats due to its extremely interesting 
cryptogamic flora. 
 
To clarify the origin of Hilpertia in Germany and to infer relationships of selected 
populations of Hilpertia velenovskyi, a molecular study based on sequences of the 
internal transcribed spacer 1 and 2 was undertaken. Since H. velenovskyi is 
threatened species listed in European Red Data Book (ECCB, 1995), the 
understanding of its genetic diversity within the species is essential to develop 
strategies of collection, conservation and germplasm - formation.  Genetic variation 
within a taxon is thought to be crucial for the long-term survival and continued 
evolution of populations or species (Franklin, 1980; Beardmore, 1983; Frankel, 1983; 
Huenneke, 1991). Thus, an accurate estimate of the level and distribution of genetic 
diversity of threatened and endangered species is an important element in proper 
conservation (Hamrick et al., 1991; Shaal et al., 1991; Chalmers et al., 1992; 
Cardoso et al., 1998; Kim et al., 2005) However, due to status of species and scarcity 
of herbarium material, the data presented in this study should be considered as 
preliminary ones, until the implications for conservation rely on an extensive sampling 
of the populations.  
 
Material and Methods 
 
Hilpertia velenovskyi is protected by law in many countries, because of its rarity and 
vulnerability (e.g. Rajczy, 1990; Ochyra, 1992; Kučera and Váňa, 2003; Sabovljević 
et al., 2004). Only six samples were available or suitable based on age and size of 
the collection, for our study: 
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1. Hungary, Tolna County, Mezöföl, Dunakömlöd (Paks). On 6-20 m high, N exposed 
loess cliffs at the N end of Sánc-H. with rich cryptogamich vegetation at 110-130 m 
alt. 46°39.3'N, 18°52'E, leg. S. & T. Pócs, G. Kis & A. Szabó.  
2. Germany, Saxony, Meissen NW:Elbhänge an der Karpfenschänke, südexponierte 
Lösswände, leg. F. Müller. 
3. China, Provinz Gansu, 40 km NW Lanzhou, 1820 m, Mergelhänge, 36°18.3'N, 
103°38.5'E leg. B.Tan. 
4. Hungary, Tokaj, Donath, Nagykopasz area, 160-200 m, loess cliff, leg. H. 
Kürschner 
5. Germany, Rheinland-Pfalz, Rheinhessen Kr. Alzey, Naturschutzgebiet Steinkaute 
bei Dorn-Dürkheim, leg. A. Oesau. 
6. Serbia, Vojvodina, Bačka, Titel plateau, Mošorin, loess cliff, leg. M. Sabovljević. 
 
The Internal Transcribed Spacer 1 and 2 (ITS1/2) were used as molecular markers to 
infer the infraspecific variability.    
 
The DNA extraction and PCR protocols follow Stech and Frahm (2001) and Quandt 
et al. (2004b). Alignment and tree formation followed the protocol by Borsch at al. 
(2003), using Align and PAUP4.0 (Hepperle, 2002; Swofford, 2001). For the 
determination of genetic differences, a comparison of nuclear ITS sequences based 
on uncorrected “p” distance was performed using the Neighbour joining - Methode 
(Saitou and Nei, 1987). Gaps were treated as missing data. 
 
Results and Discussion 
 
Nucleotide sequences were obtained for all six samples and deposited in EMBL 
Nucleotide Sequence Database with the accession numbers AJ973246, AJ973247, 
AJ973248, AJ973249, AJ973250 and AJ973251. A comparison of ITS sequences 
based on uncorrected “p”-distances suggests that the variation in sequences is not 
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partitioned geographically, and hence that geographic origin is a poor predictor of 
genetic identity between two populations of H. velenovsky 
 
The length of ITS varies between 760 to 831bp. Chinese population has slightly more 
indels compared to European.  The percent of GC content is equilibrated (53.21-
54.63 %). Such a high GC content for ITS in Hilpertia can be explained by its 
extremely xerophytic character. A higher GC content may result from adaptation to 
warm and arid habitats (in animals: Bernardi et al., 1988 and in plants: Salinas et al., 
1988; Jobst et al., 1998; Torres et al., 1990; Jarret and Newman, 2000). 
The alignment had a total length of 854 bp. The ITS1 region was highly variable with 
multiple indels, while ITS2 was less variable. The 5.8S rRNA gene had a constant 
length of 162 bp. The length variation observed in ITS was primarily attributable to 
the occurrence of a short (GC)n , (GCC)n and (CT)n oligo-microsatellite in ITS1 and 
(AC)n in ITS2. 
 
The unrooted neighbor-joining tree for selected populations of Hilpertia (Fig. 21.) 
shows that the Rheinhessen population from Western Germany is quite distinct 
genetically with the population Eastern Germany, Hungary or Serbia. The rather 
strong genetic isolation of the population from Western Germany (its ITS has 2 
substitutions and 21 indels compared to other European populations) can be 
explained by a long period without gene exchange. This could be the case in a relict 
population of the last Ice Age, 13.000 years ago. It has to be considered, that 
Hilpertia could have been part of the flora in Central Europe during the last Ice Age. 
At that time, similar habitats were provided for the species as nowadays in Siberia or 
Ellesmere Island. Furthermore, loess was deposited in that time and loess cliffs 
persisted since that time, providing a constant habitat for bryophytes over the time. 
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Fig. 21. The unrooted NJ tree for selected population of Hilpertia velenovskyi inferred 
by ITS nr DNA region. Bar scale indicates the inferred number of nucleotide 
substitutions. 
 
 
Also, the presence of H. velenovskyi in Rheinhessen, can be explained by long-
distance dispersal from somewhere inside or outside Europe. According to the tree 
and branch length of Chinsese population (Fig. 21.), Rheinhessen population is not 
related to the latter. The latter hypothesis would be supported by the fact that 
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Hilpertia is known in Rheinhessen from only one locality and only recently 
discovered. On the other hand, long distance dispersal seems unlikely, since the next 
populations are in the Caucasus, Mongolia and Siberia, thus quite distant and 
situated against the prevailing wind system. However, this possibility should not be 
completely excluded since there are examples that long-distance dispersal in 
bryophytes are present where unexpected by vehicle of wind, storms, water flows 
and other means (Muñoz et al., 2004). Species with highly disjunct distributions have 
generated controversy, however, because of long-distance migration is thought to be 
rare (Nathan, 2001). Several studies suggest that long-distance dispersal of spore 
may be more common than previously appreciated (James et al., 2001; Skotnicki et 
al, 2001; McDaniel and Shaw, 2003). However, empirical estimates of central 
parameters, such as rates of migration and colonization are still lacking (Husband 
and Barrett, 1996). In Hilpertia case, spores 10–12 µm in diameter and finely 
papillose, seems to be the most probable propagules for dispersal. Although the 
predominant means of dispersal on a local scale may be gametophyte fragments 
(Miller and Ambrose, 1976; During, 1997; McDaniel and Miller, 2000) or specialized 
asexual reproductive structure (Kimmerer, 1994), most long-distance dispersal is 
presumably accomplished by spores (Mogensen, 1981; Bremer and Ott, 1990; Miles 
and Longton, 1992). Consistent with some spores travelling long-distances, van 
Zanten (1978) found a strong positive correlation between spore longevity and size of 
distribution area. Moreover, the spore germination studies of van Zanten (1978) show 
that species with broad distribution often have spores tolerant of long storage and 
temperature extremes. The correlation between distributional area and spore 
tolerance may be underlain by additional habitat correlates such as substrate, which 
is the case with H. velenovskyi that is strictly restricted to specific habitats of loess 
cliffs (e.g. Pócs, 1999; Pócs et al., 2002; Pócs et al., 2004; Kürschner and Wagner, 
2005) 
 
A low rate variability of genetic data for Bryum argenteum Hedw. and Ceratodon 
purpureus (Hedw.) Brid. reveal large scale population structure, suggesting frequent 
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long-distance dispersal in these species (Miller and McDaniel, 2004). It is rather to 
believe that long-distance spreading in Rheinhessen from some other population 
occurred than that crypto-speciation started. Uit de Weerd et al. (2005) gives 
molecular evidence in passive long-distance dispersal of some Greek land snail, 
explaining it by birds and by humans accidentally. Since, similar fauna and flora 
inhabit loess cliffs it can be expected such passive long-distance dispersal by some 
highly mobile organisms. 
 
All other European populations are more or less related. The population tested from 
Vojvodina (Serbia) shows great similarity with south Hungarian population, while the 
north Hungarian population clusters with the population from East Germany. Two 
German populations are clearly genetically distinct and of different origin.  
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3.3. Paper 3: 
 
Taxonomic value, systematic position and the origin of German populations of 
Isothecium holtii Kindb. based on molecular data (by Sabovljević, M., Frahm, J.-P. 
and Herbiniaux, U., in press, Lindbergia) 
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Abstract 
Isothecium holtii has been regarded either as good species, dubious species, or as a 
variety of either I. alopecuroides or I. myosuroides. Its distribution range includes the 
British Isles, western France and western Norway, with disjunct occurrences in 
Central Europe and Turkey. A molecular study was designed to clarify the taxonomic 
position of this taxon as well as to assess whether the disjunct populations in 
Germany are a result of recent migration or whether they are relicts of a wider 
distribution in more humid climatic periods. The analysis of nuclear ribosomal DNA 
sequences (internal transcribed spacer [ITS] 1/2) revealed that Isothecium holtii is a 
good species, and that it is closer related to I. myosuroides than to I. alopecuroides. 
The disjunct populations in Germany are heterogenous. Two cluster with different 
populations in Western Europe, indicating independent dispersal events, whereas 
another is genetically isolated, indicating a long separation and a relict. The 
populations in Brittany and the Massif Central are genetically related but rooted with 
the populations from Britain and Ireland and indicating that they are relicts of a former 
continuous range. 
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Introduction 
 
Isothecium holtii Kindb. was first collected by Holt in 1885 in Wales and named by 
him as I. myosuroides Brid. var. rivulare. The name was published by Limpricht in 
1895, but raised to the rank of a species in the same year by Kindberg, who 
introduced the name I. holtii. In 1897, Paris listed the var. rivulare under I. myurum. 
Thus the taxonomic position of this taxon remained doubtful. Limpricht (1896) 
apparently regarded I. myosuroides var. rivulare as a modification, when he wrote 
that shorter leaf tips and vermicular foliation are typically caused by the influence of 
water. Later, Loeske collected this moss in the Ilse valley of the Harz Mountains and 
distributed specimens in 1902 under the name Isothecium vallis-ilsae. In his 
“Moosflora des Harzes”, however (Loeske 1903), he reduced it to a variety of I. 
myurum, although he states that this is an “very excellent form” (sehr ausgezeichnete 
Form) and that he has seen no transitions to I. myurum. Also Mönkemeyer (1927) 
lists this species as variety of I. myosuroides. At that time, he cites only the localities 
in Wales and the Harz Mountains. Interestingly, I. holtii was placed by some authors 
to I. myosuroides, and by others to I. myurum (alopecuroides). Nyholm (1954 ff.) lists 
this taxon as I. myosuroides var. rivulare with occurrence in the British Isles, 
westernmost Norway and the Harz. In contrast, Smith (1978) accepts I. holtii as a 
species, but restricts this by the comment, that “the specific status of this plant is 
doubtful, as intermediates between it and I. myosuroides are said to occur.” As 
distribution, he indicates the British Isles and again Norway and Harz.  
 
In the past decades, Isothecium holtii has been found also in France in Finistère (De 
Zuttere et al. 1998, Frahm unpubl.), Côtes d´Armor, Cantal (De Zuttere pers. comm.), 
the Massif Central (Frahm unpubl.) and the Vosges (De Zuttere and Sotiaux 1985), in 
Luxemburg (Werner 1993), in Germany in the Eifel Mountains in (De Zuttere 1984 in 
Düll et al. 1996, Frahm 2003) and in the northern Black Forest (Nebel & Philippi 
2001) and in Turkey (Uyar and Ören 2005). In the Black Forest, two records are from 
1921, the others from between 1985 and 1995. These new records from Central 
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Europe as well as from Turkey would indicate a recent migration of the species, was 
it not for the old record from 1902 from the Harz and the two old collections from the 
Black Forest, suggesting rather that this species has been overlooked.  
 
Several bryophyte species are endemic to Europe with an oceanic distribution and 
scattered disjunct occurrences in Central Europe. Examples are Platyhypnidium 
lusitanicum (Schimp.) Ochyra & Bednarek-Ochyra, Oxystegus hibernicus (Mitt.) Hilp., 
Hypnum resupinatum Tayl., Isothecium holtii, Sematophyllum demissum (Wils.) Mitt, 
S. micans (Mitt.) Braithw., Lepidozia cupressina (Sw.) Lindenb., Frullania microphylla 
(Gottsche) Pearson, Lejeunea lamacerina (Steph.) Schiffn., Fissidens rivularis 
(Spruce) Bruch & Schimp. or F. monguillonii Thér., which have a more or less 
continuous distribution in Western Europe but which also found in isolated 
populations in Central Europe.  We don’t know at which time these oceanic species 
arrived in Central Europe. Previous authors (e.g. Herzog 1926) described the 
distribution of oceanic species and their isolated occurrences “at the humid, oceanic 
leeward flancs of the mountains in Central Europe”, but did not make any attempt to 
explain this distribution. 
 
Two explanations seem possible.  
(1) The populations in Central Europe are relicts of a former larger range in the 
Holocene and survived in suitable habitats in the mountains of Central Europe, which 
have a similar climate as in Western Europe with high humidity and low 
temperatures. There are two climatic periods in the Holocene which were more 
humid than today (Schwarzbach 1993, Schönwiese 1995). The Atlantic Period (5-
7000 b.p.), so called postglacial climatic optimum with mean annual temperatures, 
which were 2-3°C higher than today. It was the period when mainly Mediterranean 
(faunistic and floristic) elements invaded Central Europe and survived there in 
microclimatic favourable habitats (Stewart & Lister, 2001; Hewitt, 2004a). The 
Subatlantic Period (< 2500 b.p.) was 1-2° cooler than today and even more humid 
but suitable for the invasion of Atlantic species. (2) The populations in Central Europe 
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are the result of either a single or several independent dispersal events from Western 
Europe. 
 
The taxonomic problems involved with this species as well as the range with several 
disjunct occurrences in Central Europe, raise several questions. The aims of this 
study are: 1) To clarify the taxonomic position of Isothecium holtii, whether it is a 
good species as suggested by Kindberg, a “small species”, or a variety as proposed 
by some authors, 2) to clarify its relationship to I. myosuroides or alopecuroides, and 
3) to assess whether the populations of this species in Central Europe are a result of 
a long distance dispersal from one or more populations in Western Europe or 
whether these disjunct occurrences are the result of a long lasting isolation and 
relicts of a formerly continuous range. 
 
Materials and methods 
 
Plant material. Isothecium holtii differs by metallic lustrous shine, often yellowish-
orange colour, and large plants. They are dendroid and the branches are similarly 
incurved when dry as those of Thamnobryum alopecurum. The species is found in 
Western Europe beside waterfalls and fast running streams very distinctly just above 
Thamnobryum alopecurum, with which it can easily be confused, especially in shady 
sites, where I. holtii is deep green and not golden-yellowish. Düll (in Düll et al. 1996) 
had collected the species in the Rur valley in the Eifel Mountains before it was 
discovered by De Zuttere but named it as Platyhpynidium or Thamnobryum. The 
plant material used for this study is listed in Table 1 with gene bank accession 
numbers. Voucher specimens are deposited in herbarium Frahm (BONN). One 
sequence of Isothecium myosuroides was taken from gene bank data under 
accession number AY737479. 
 
DNA isolation, PCR and sequencing. Prior to DNA extraction the plant material was 
thoroughly cleaned with distilled water and additionally treated by ultrasonic waves 
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for 2-4 minutes. Success of cleaning was checked by examining the plants under a 
binocular microscope. Remaining contaminations e.g. with algae and fungi were 
removed mechanically. Isolation of DNA was carried out following the CTAB 
technique described in Doyle & Doyle . 
 
PCR amplifications (Biometra TriBlock thermocycler, PTC-100 MJ Research) were 
performed in 50 µl–reactions containing 1.5 U Taq DNA polymerase (Genecraft), 1 
mM dNTPs-Mix, nucleotide concentration 0.25 mM each (PeqLab), 1x buffer 
(Genecraft), 2.5 mM MgCl2 (PeqLab) and 40 pmol of each amplification primer. PCR 
products were purified using the QIAquick gel purification kit (Qiagen). Cycle 
sequencing reactions (half reactions) were performed using a Biometra TriBlock 
thermocycler (PTC-100 MJ Research) in combination with the ABI PrismTM Big Dye 
Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq-DNA polymerase FS 
(Perkin Elmer), applying a standard protocol for all reactions. Extension products 
were precipitated with 40 µl 75 % (v/v) isopropanol for 15 min at room temperature, 
centrifuged with 15,000 rpm at 25°C, and washed with 250 µl of 75 % (v/v) 
isopropanol. These purified products were loaded on an ABI 310 automated 
sequencer (Perkin Elmer) and electrophoresed. For cycle sequencing 10 µl–
reactions were used containing 3 µl of Big Dye Terminator Cycle Sequencing premix. 
Sequencing reactions were performed with the reverse primer for either ITS 1 (ITS-C 
bryo) or ITS 2 (ITS4-bryo). 
 
Primers for amplifying and sequencing the ITS region (ITS4-bryo and ITS5-bryo) 
based upon the primers “ITS4” and “ITS5” respectively, designed and named by 
White et al., were slightly modified with respect to bryophytes. The primers ITS-C and 
ITS-D were modified for this study (ITS-D_bryo and ITS-C_bryo) and used for 
amplification of ITS 1 and ITS 2 and for sequencing reactions (Table 4.). ITS 1 was 
amplified with primers ITS5 –bryo (forward primer) and ITS-C bryo (reverse primer). 
ITS 2 was amplified with primers ITS-D bryo (forward primer) and ITS4-bryo (reverse 
primer). 
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The ITS region was amplified using a protocol consisting of: 5 min. 94ºC, 35 cycles (1 
min. 94ºC, 1 min. 48ºC, 1 min. 72ºC, increased by 4 sec. Per cycle) and a 5 min. 
72ºC extension time, Cycle sequencing settings: 25 cycles (30 sec. 96ºC, 15 sec. 
50ºC, 4 min. 60ºC).  
ITS 1 and ITS 2 were separately amplified, because we were able to get a more 
specific PCR product by this approach rather than amplifying the whole ITS region by 
the primers ITS4-bryo and ITS5-bryo. 
All sequences will be deposited in EMBL, accession numbers are listed in Table 7., 
the alignments are available on request from the authors. 
 
Table 7. Specimens of Isothecium used for DNA extraction. 
Species Country Location Collector Genebank 
Accession 
Number 
I. 
alopecuroides 
France Vosges, Lac 
de 
Retournemer 
Frahm V5080 AJ937833 
I. 
alopecuroides 
France Vosges, Saut 
du Bouchout 
Frahm V5182 AJ37834 
I. holtii France Finistère Frahm 26.9.03 AJ964878 
I. holtii France Corèze Frahm 6872 AJ964879 
I. holtii Germany Harz, Warme 
Bode 
Müller 27.5.01 AJ964880 
I. holtii Germany Harz, 
Harzburg 
Koperski 
22.9.96 
AJ964881 
I. holtii Great Britain Wales Lansdown 
SN850514 
AJ964882 
I. holtii Great Britain Shimna River  Blockeel 
28/199 
AJ964884 
I. holtii Ireland Lismore Preston May 
1999 
AJ964883 
I. holtii Gramany Rurtal near 
Aachen  
Frahm, May 
2004  
AM182055 
I. holtii Germany Rurtal near 
Aachen  
Frahm, May 
2004 
AM182056 
I. myosuroides Germany Rurtal near 
Aachen 
Frahm, 
November 
2005 
AM182054 
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Phylogenetic analyses. Heuristic searches under the parsimony criterion were carried 
out under the following options: all characters unweighted and unordered, multistate 
characters interpreted as uncertainties, gaps coded as missing data, performing a 
tree bisection reconnection (TBR) branch swapping, collapse zero branch length 
branches, MulTrees option in effect, random addition sequence with 1000 replicates. 
 
Furthermore, the data sets were analysed using winPAUP 4.0b10 executing the 
command files generated by ‘PRAP’, employing the implemented parsimony ratchet 
algorithm. For the parsimony ratchet the following settings were employed: 10 
random addition cycles of 200 iterations each with a 40 % upweighting of the 
characters in the PRAP iterations. Heuristic bootstrap searches under parsimony 
criterion were performed with 1000 replicates, 10 random addition cycles per 
bootstrap replicate and the same options in effect as the heuristic search for the most 
parsimonious tree (MPT). The consistency index, retention index (RI), and rescaled 
consistency index were calculated to assess homoplasy. 
 
Maximum Likelihood analyses were executed assuming a general time reversible 
model (GTR+G+I), and a rate variation among sites following a gamma distribution 
(four categories represented by the mean), with the shape being estimated and the 
molecular clock not enforced. According to Akaike Information Criterion GTR+G+I 
was chosen as the model that best fit the data by Modeltest v3.06, employing the 
windows front-end. The proposed settings by Modeltest v3.06 (table 16) were 
executed in winPAUP 4.0b10. In addition to the MP analyses Bayesian Inferences 
with MrBayes3.0 were performed. Modeltest 3.5 was used to select DNA substitution 
models for the data set (gamma shape distribution, six substitution types). The 
Markov Chain Monte Carlo (MCMC) analyses were run for 2,000,000 generations 
with four simultaneous MCMCs and one tree per 100 generations was saved. The 
‘burn-in’ values were determined empirically from the likelihood values. The analyses 
were repeated three times to assure sufficient mixing by confirming that the program 
converged to the same posterior probability (PP). 
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The program Treegraph was used to edit trees directly from PAUP-treefiles.  
 
Results and discussion 
 
The alignment length of the ITS1-5.8S-ITS2 region was of 763 base pairs (bp) in 
total. The shortest sequences were in I. alopecuroides – FR, Dept. Lac de 
Retournemer (575 bp) and the longest in Isothecium myosuroides from Belgium (661 
bp). Within Isothecium holtii specimens, sequence lengths vary from 591 (DE, Rurtal 
bei Aachen 2) till 630 bp (DE, Harz, Tal der Warmen Bode). Of the aligned 
sequences, 1972 positions were gapped sites and excluded from further analysis. Of 
the remaining sites, 662 sites were constant, 14 variable and parsimony-
uninformative and 86 were parsimony-informative. All characters were equally 
weighted. Gaps were treated as “missing”. 
 
The trees derived from ITS2 viz. ITS 1/2 show the same topology. Also the ITS1/2  
trees calculated with Maximum Parsimony (Fig. 22.) or Neighbour Joining are 
identical. The position of selected populations in the tree shows that there is high 
genetic variation among them. This might be a result of lacking gene exchange 
caused by sterility of the populations and might reflect the scattered distribution of the 
species and the fact that we have even within the main range no real closed range 
but several isolated occurrences instead.   
 
The tree shows that all three species, I. holtii, myosuroides and alopecuroides are 
well separated. Isothecium holtii is rooted together with I. myosuroides, thus showing 
a closer relationship to the latter than to I. alopecuroides. The analysis revealed that 
Isothecium holtii is a good species. The closer relationship of I. holtii to I. 
myosuroides compared to I. alopecuroides, is in accordance with the opinion of older 
authors such as Mönkemeyer (1927) and Nyholm (1954 ff.). Molecular evidence is in 
contrast to morphology, as I. holtii resembles more I. alopecuroides in its robust 
appearance and leaf shape. 
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Fig. 22. Maximum Parsimony Tree of ITS1/2 sequences of Isothecium holtii, I. 
alopecuroides and I. myosuroides. 
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The populations of I. holtii from the Harz Mountains are from two different valleys. 
Interestingly, both are neither identical nor do they cluster in one branch but group 
together with populations from Ireland and Wales. This indicates two different 
dispersal events by spores from Western Europe probable. The French populations 
in Brittany and the Massif Central root together and thus seem to be of a common 
origin. They also root together with the populations in Britain and Ireland, which 
indicates that gene exchange sometimes in the past. The two populations of I. holtii 
from the Eifel Mountains (Rurtal near Aachen) in Germany are basal to and isolated 
from all other studied populations of I. holtii. This pattern may speak in favour of 
these populations being relict of a previous wider distribution in Western and Central 
Europe.  
 
The results of our study indicate that both the relict and the dispersal hypothesis may 
account for the occurrences of I. holtii in continental Europe. The Harz-German 
populations clustering with those from Western Europe are consistent with a 
hypothesis of relatively recent dispersal. These are the easternmost populations in 
Germany, and may never have been part of a continuous range in earlier climatic 
periods. Our data indicate that long range dispersal is possible in this species, 
despite lack of vegetative propagation and rare sporophyte production. (Mönkemeyer 
(1927) does not even mention sporophytes, Smith (1978) mentions rare sporophyte 
production).  
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3.4. Paper 4: 
 
Genetic diversity and phylogeography of the moss Rhytidium rugosum (Hedw.) 
Kindb. (Hypnales) in Europe (by Sabovljević, M. and Frahm, J.-P., submitted) 
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Abstract 
 
Genetic diversity and phylogeography in of the boreal moss species Rhytidium 
rugosum have been studied. The species is considered to be glacial relict of the wide 
but scattered Holarctic range. According to molecular data sampling from the 
selected European, American and Asian population high genetic diversity of this 
species is present, even if this species is mostly sterile and produced sex organs 
extremely rarely and spread mostly asexually. Analysing the Internal Transcribed 
Spacer (ITS) of the nuclear ribosomal DNA, it can be concluded that the populations 
of this species survived in various places in Europe and settled and re-settled 
present range space in various times from various refuges.  
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Introduction 
 
Climatic and environmental changes during the Pleistocene have had significant 
impacts upon the habitat and natural range of many species (Hewitt, 1993, 2000). In 
temperate latitudes of the Northern Hemisphere southward range shifts and 
contractions during cold periods into so-called glacial refugia have been followed 
during warmer interglacials by northerly range shifts and recolonizations. Genomic 
evidence of quaternary glacial events has been considered by many researchers 
(Hewitt, 1996, 1999, 2001; Taberlet et al., 1998 and Avise, 2000). Helvitt (2004a) 
states four major refugia in Europe (the Iberian, the Appenine and the Balkan 
peninsulas as well as the Caspian/Caucasus regions).  
However, most considerations have been made for higher animal and plants and 
there are very few approaches of the glaciation influence to other groups of 
organisms. For the bryophytes there have been few, but very valuable contributions 
on genetic diversity and phylogeography published up to date (Shaw and Schneider, 
1995; Bischler and Boisslelier-Dubayle, 1997; Wyatt et al., 1997; Cronberg, 2000; 
Shaw, 1995, 2000, 2001; Chiang and Schaal, 1999; McDaniel and Shaw, 2003; van 
der Velde and Bijlsma, 2003; Skotnicki et al., 2004; Werner and Guerra, 2004)  
 
The present study examined patterns of the population genetic variation in the wide 
distributed moss Rhytidium rugosum, and presents the first genetic insights into 
geographic history of this species. For this purpose nuclear ribosomal Internal 
Transcribed Spacer regions are used considering its plant phylogeographic study 
values, although there are some limiting factors such as its multi-copy nature, 
hybridisation, polyploidy and concerted evolution (e.g. Barker et al. 2003). However, 
in order to construct gene trees (for phylogeographic use), significant genetic 
variation must occur at the appropriate level; i.e. among populations (Schaal et al., 
1998). Nuclear ribosomal ITS appears to be particularly useful in bryophyte studies 
(Shaw, 2000; Shaw et al. 2003; Barker et al. 2003) due to its high variation, and 
especially in species with no or low sex cross-over and no or low spore production. 
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The pleurocarpous moss Rhytidium rugosum (Hedw.) Kindb. is a monotypic species 
and genus within the family of Rhytidiaceae placed in the order Hypnales.  
Rhytidium rugosum grows in open, dry and preferentially basic habitats.  
 
The species has a circumpolar scattered range from the Arctic to the Mediterranean. 
However, it can be considered as boreo-montane species (Frahm, 2005). In Central 
Europe the species “behaves like a thermophilous element”, being confined to the 
warmer parts (especially with viniculture) and growing in dry grasslands together with 
other thermophilous elements, both phanerogams, ferns and bryophytes. A look at 
the whole range, however, reveals that the species is also found north to the arctic, 
both in Europe and North America (Alaska, northern Canada, and Greenland). It 
goes also up in the mountains to more than 2000 m as in the Alps. The reason for its 
“thermophilous behaviour” seemed therefore that it is not a species of warm habitats 
but requires open habitats, either in the Mediterranean, in Central Europe or in the 
arctic. 
 
The major problem involved with this species is, that it is found in Central Europe 
almost always sterile and the question, how the species was dispersed from its 
supposed refugia in southern Europe to Central Europe after glaciation remains 
unsolved. Thus the sterility of this species could be a reference to its persistence in 
Central Europe. 
 
Even though it is widespread, Rhytidium rugosum is infrequent, presumably because 
of a preference for exposed calcareous or mafic bedrock range wide mostly in a cool 
habitat. The species is rarely found with sporophytes. Perhaps almost total reliance 
on asexual reproduction explains the strong morphological uniformity seen among 
specimens of R. rugosum collected from across its broad range. Though, 
morphological characters indicated not high genetic diversity and easy dispersal, 
which is, not know up to date.  
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Materials and methods 
 
Sampling and outgroup choice.  An attempt was made to simple from wide range of 
slatternly distributed R. rugosum. Material from 41 populations was acquired for this 
study. The sampling included 28 European, 5 North American and 8 Asian localities. 
Related species, Hypnum cupressifoeme (Acc. No. AY528888/AF403607) and 
Ctenidium moluscum (AF230989/AF231004) were chosen as outgroup taxa, and 
their sequences were taken form the EMBL gene bank. Vouchers are in the 
University of Bonn Herbarium BONN, unless otherwise indicated.  
 
PCR and DNA sequencing. Prior to DNA extraction the plant material was thoroughly 
cleaned with distilled water and additionally treated by ultrasonic waves for 2-4 
minutes. Success of cleaning was checked by examining the plants under a 
binocular microscope. Remaining contaminations e.g. with algae and fungi were 
removed mechanically. Isolation of DNA was carried out following the CTAB 
technique described in Doyle & Doyle. 
 
PCR amplifications (Biometra TriBlock thermocycler, PTC-100 MJ Research) were 
performed in 50 µl–reactions containing 1.5 U Taq DNA polymerase (Genecraft), 1 
mM dNTPs-Mix, nucleotide concentration 0.25 mM each (PeqLab), 1x buffer 
(Genecraft), 2.5 mM MgCl2 (PeqLab) and 40 pmol of each amplification primer. PCR 
products were purified using the QIAquick gel purification kit (Qiagen). Cycle 
sequencing reactions (half reactions) were performed using a Biometra TriBlock 
thermocycler (PTC-100 MJ Research) in combination with the ABI PrismTM Big Dye 
Terminator Cycle Sequencing Ready Reaction Kit with Amplitaq-DNA polymerase FS 
(Perkin Elmer), applying a standard protocol for all reactions. Extension products 
were precipitated with 40 µl 75 % (v/v) isopropanol for 15 min at room temperature, 
centrifuged with 15,000 rpm at 25°C, and washed with 250 µl of 75 % (v/v) 
isopropanol. These purified products were loaded on an ABI 310 automated 
sequencer (Perkin Elmer) and electrophoresed. For cycle sequencing 10 µl–
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reactions were used containing 3 µl of Big Dye Terminator Cycle Sequencing premix. 
Sequencing reactions were performed with the reverse primers for either ITS1 (ITS-C 
bryo) and ITS2 (ITS4 bryo) or forward primers for either ITS1 (ITS5 bryo) or 
ITS2(ITS-D bryo). 
 
Primers for amplifying and sequencing the ITS region (ITS4-bryo and ITS5-bryo) 
based upon the primers “ITS4” and “ITS5” respectively, designed and named by 
White et al., were slightly modified with respect to bryophytes . The primers ITS-C 
and ITS-D were modified for this study (ITS-D_bryo and ITS-C_bryo) and used for 
amplification of ITS 1 and ITS 2 and for sequencing reactions (Table 4). ITS 1 was 
amplified with primers ITS5 –bryo (forward primer) and ITS-C bryo (reverse primer). 
ITS 2 was amplified with primers ITS-D bryo (forward primer) and ITS4-bryo (reverse 
primer). 
 
The ITS region was amplified using a protocol consisting of: 5 min. 94ºC, 35 cycles (1 
min. 94ºC, 1 min. 48ºC, 1 min. 72ºC, increased by 4 sec. Per cycle) and a 5 min. 
72ºC extension time, Cycle sequencing settings: 25 cycles (30 sec. 96ºC, 15 sec. 
50ºC, 4 min. 60ºC).  
ITS 1 and ITS 2 were separately amplified, because we were able to get a more 
specific PCR product by this approach rather than amplifying the whole ITS region by 
the primers ITS4-bryo and ITS5-bryo. 
 
All sequences are deposited in EMBL, accession numbers are listed in Table 8., and 
the alignments are available on request from the authors. 
Phylogenetic analyses were performed with winPAUP 4.0b10, to calculate Maximum 
Parsimony, Maximum Likelihood and Neighbor Joining Trees. 
Heuristic searches under the parsimony criterion were carried out under the following 
options: all characters unweighted and unordered, multistate characters interpreted  
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Table. 8. Rhytidium specimens with Gene Bank Accessions Numbers: 
Origin Collection data Accession 
Number 
Mongolia Gobi, leg. M. Ignatov AM229018 
Russia Altai Mts., leg. O. Pisarenko AM229019 
Russia Karelia, Pitkäranta District, leg. S. Huttunen & H. 
Wahlberg 
AM229020 
Germany Kr. Cochem, Dortebachtal, leg. J.-P. Frahm AM229044 
Spain Guadalajara, Checa, leg. B. Albertos et al. AM229021 
Spain Teruel, Orihuel del Tremedal, leg. C. Gimeno AM229022 
France Dépt. Dordogne, leg. J.-P. Frahm AM229025 
Italy Western Italian Alps, Aosta Valley, leg. M. Sabovljević AM229026 
France Dépt. Pyrinées, leg. J.-P. Frahm AM229027 
Spain Navarra, Sierra de Leyre, leg. A. Ederra AM229023 
Spain Asturias, Pto. Ventana, leg. M. C. Fernandez AM229024 
Serbia Kopaonik Mt., leg. M. Sabovljević AM229055 
Serbia Novi Pazar, Sopoćani, leg. B. Papp AM229056 
Bulgaria Balkan Mt., leg. A. Ganeva AM229057 
France Dépt. Puy-de-Dôme, leg. J.-P. Frahm AM229029 
France Dépt. Haute-Rhin, Vosge Mts., leg. J.-P. Frahm AM229030 
France Lothrigam, leg. J.-P. Frahm AM229031 
Switzerland S Luzern, Alpnacher See, leg. J.-P. Frahm AM229032 
Germany Kr. Bad Münstereifel, leg. J.-P. Frahm AM229034 
Germany Kr. Cochem, Moseltal, leg. J.-P. Frahm AM229035 
Hungary Borson-Abaúj-Zemplén, leg. M. Rajczy AM229028 
Hungary Zemplén Mts., leg. B. Papp AM229033 
Montenegro Durmitor Mt., leg. B. Papp AM229036 
Slowenia Julijske Alpe, Pl. Bukovec, leg. J.-P. Frahm AM229037 
Germany Kr. Daun, leg. J.-P. Frahm AM229038 
Germany Kr. Limburg, leg. J.-P. Frahm AM229039 
Germany Kr. Euskirchen, leg. J.-P. Frahm AM229040 
Germany Kr. Heidelberg, leg. J.-P. Frahm AM229041 
Russia South Urals, Bashkiria, leg. Konovalova AM229042 
Russia Caucasus, leg. M. Ignatov AM229043 
Russia Kola Peninsula, leg. M. Ignatov AM229045 
Russia CentralEuropean Russia, Kursk, leg. M. Ignatov AM229046 
Russia Altai, Mts., leg. Zolotukhin AM229047 
Russia Russian Far East, Khobarovsk, leg. M. Ignatov AM229048 
Russia Jakutia, Siberia, leg. Krivoshapkin AM229049 
USA South Dakota, leg. S. P. Churchill AM229051 
Canada Alberta, leg. J.-P. Frahm AM229050 
Canada British Columbia, leg. D. Vitt AM229054 
Mexico Hidalgo, leg. C. Delgadillo AM229052 
USA Colorado, leg. Weber & Withmann AM229053 
Taiwan sequence from Gene Bank AJ288548 
AJ288334 
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as uncertainties, gaps coded as missing data, performing a tree bisection 
reconnection (TBR) branch swapping, collapse zero branch length branches, 
MulTrees option in effect, random addition sequence with 1000 replicates. 
 
Furthermore, the data sets were analysed using winPAUP 4.0b10. For the parsimony 
ratchet the following settings were employed: 10 random addition cycles of 200 
iterations each with a 40 % upweighting of the characters in the PRAP iterations. 
Heuristic bootstrap searches under parsimony criterion were performed with 1000 
replicates, 10 random addition cycles per bootstrap replicate and the same options in 
effect as the heuristic search for the most parsimonious tree (MPT). 
 
Results  
 
The combined length of the ITS1-5.8S rRNA – ITS2-partial 25S rRNA region was 652 
bp (Spanish Teruel population) to 709bp (Mongolia population). The ITS1 region was 
highly variable with multiple indels and ranged from 222bp (Serbian Sopocani 
population) to 270bp (Spanish Guadalajara population). Length of 5.8S rRNA was 
invariable (101bp) in all accessions. The ITS2 length measured 276bp (Spanish 
Navarra population) to 339bp (Canadian Alberta population). Within European 
population ITS2 length goes up to 330 in German Heidelberg population, while it 
measure over 330 in all NorthAmerican and Asian populations. The alignment of 
complete regions analysed was 917 positions long due to indels in ITS1 and ITS2 
regions. For the tree construction, 847 positions of ITS1 and ITS2 were used, 
including 19 variable and 51 parsimony informative ones. 
All clades are bootstrap supported with values over 81. The similar branching pattern 
and clade organisation to Parsimony tree (Fig. 23) has been shown in both  
Maximum Likelihood and Neighbor Joinning trees, dough in Maximum Likelihood it 
was generally lower bootstrap support, which may be due to the fast bootstrap 
procedure and exclusion of the indel characters.  
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Fig. 23. The Most Parsimonious Tree of selected Rhytidium rugosum populations 
with the bootstrap values above branches. 
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According to the uncorrected “p”distance analyses, the distances among selected 
population of R. rugosum varied from 73.9 (Bulgarian and Dakota population) till 95.2 
(Mongolian and Taiwanian population). The highest similarity in Europe according to 
uncorrected “p”distance was between the Spanish-Navarra population and the 
Western Italian Alps populations (85.7). The lowest similarity in Europe (77.3) is 
between Spanish Teruel and Russian Karelian populations.   
 
The content of GC in the sequences analysed (ITS1-5.8SrNA-ITS2-partial 25SrRNA) 
is variable but equilibrated (57.35-61.86%). Interestingly, within the same clade GC 
content varies less than among all sampled populations. 
 
Discussion 
 
According to molecular data it seems to be that central Spanish populations are long 
time isolated from other south European populations (Fig. 24), and that these 
populations have been established during Pleistocene but did not spread in the 
Holocene. The Northern Spanish populations are related with populations from 
Pyrenees, adjacent regions and the Western European Alps. The Eastern European 
Alps population has a sister population in the continuing range of the Dinaric Alps. 
Serbian populations are clustered with Bulgarian population and form the Central 
Balkan group. 
 
In France, there are two groups of haplotypes expressing potential migration routes 
from the Pyrenees and Switzerland. Western German populations comprise three 
quite different haplotypes expressing the possibility of west European refugia of R. 
rugosum. However, due to the high variability and quick evolution in the nrITS region 
used in these study, absence of sexual reproduction and gene flow this refugial 
consideration should be taken carefully since there was the highest sampling 
resolution in Western Germany, which makes explanation more difficult. Pfeiffer et al. 
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(2006) suggest high genetic diversity among populations even in very limited 
geographical space for R. rugosum. 
 
 
 
Fig. 24. The analysed populations of Rhytidium rugosum from Europe. Related 
haplotypes are grouped together.  The zone with highest haplotype numbers are 
presented in gray. 
 
 
Generally, where genomes from two or more refugia come together, genetic diversity 
will be increased by the presence of diverged lineages, as seen in hybrid and suture 
zones. Two populations with no inbreed event, living in the same region in similar 
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habitats, but from different colonizing refugia will possess very different alleles and 
genomes, while conversely two very distant populations in distinct habitats may have 
the same refugial genome. This points to the importance of population history in the 
process of post glacial adaptation, and our understanding of it. So, it can be 
considered that western Germany has relic populations as well as ones lately settled 
during their migrations from southern refugia. Also, there is molecular evidence that 
some parts of Germany were so called northern refugia for some other groups of 
organisms (e.g. Hänfling et al, 2002; Pinceel, 2005). Besides, some regions like 
Belgian Ardennes, SW England, NE Hungary, SW Ireland, NW Scotland and W 
Slovakia are known as cryptic refugia (Stewart and Lister, 2001) where also fossil 
evidence suggests survival of some tree and mammal species, so hypothetically 
place for survival of some moss populations, as well.  
 
The populations from European Russia according to nr ITS all derives from the 
refugial site situated in Caucasus region.  
 
The Balkan populations for many biota provided main genomic source for postglacial 
colonisations, probably due to the deep canyon passes directed south-north. Less 
came from Iberia and Italy probably hindered by the ice-capped and hardly to pass 
Pyrenees and Alps (Hewitt, 2004). 
 
Many European species phylogeographies are emerging and a considerable number 
broadly show these distribution patterns and probably followed similar colonization 
routes despite differences in their niche, mobility and life history. This apparent and 
remarkable commonality would seem to be a result of colonization following 
postglacial climate change in Europe's particular geography of southern peninsulas, 
transverse mountain ranges and northern plains. It demonstrates the explanatory 
power of combined phylogeography and paleoclimatology. 
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During the Last Glacial Maximum (23-18 kyr) the ice sheets and permafrost extended 
towards lower latitudes, so that generally species distributions were compressed 
toward the equator. Boreal species survived south of the ice in North America and 
Europe, but large areas of the north eastern Palearctic and Beringia remained ice 
free and some cold-hardy species appear to have survived here. Temperate species 
survived further south where habitats occurred to which they were already adapted. 
In Europe the disjunct southern peninsulas of Iberia, Italy and Balkans were 
particularly important, while in North America many temperate locations occurred 
around 40°N between the East and West coasts (Hewitt, 2004b). All this is in 
accordance with our data for the moss R. rugosum.  
 
As a consequence, the habitats of many Boreal, Temperate and Tropical species 
were reduced and fragmented and they survived in refugia; but for some their 
habitats expanded, like those in the tundra and savannah. As the climate warmed 
after the latest glacial maximum and the ice retreated, many boreal and temperate 
species were able to expand their ranges, as were some tropical species. In some 
cases the refugial populations died out, but particularly in mountainous regions they 
could survive by ascending with the climate and their niche, as for example in the 
Alps, Andes, Appalachians and Arusha mountains. Such refugial regions allow the 
survival of species through several ice age cycles by ascending and descending to 
track their habitat, e.g. (Hewitt, 2000). This consideration should always be taken in 
assumption for the bryophytes, which are bio-chemically and physiologically adapted 
to survive freezing and long time under the ice. So, “nunatak” theory for surviving of 
some population cannot be excluded. Moreover, the molecular data set now gained 
leaves many space for such consideration in some alpine and some boreal regions.    
Distribution dynamics caused be glaciation-interglaciation cycling events modify the 
genetic content and structure of populations within species, and leave some traces 
for which we may search. Populations, races and subspecies that have been 
effectively separated for several glacial cycles will show divergence through the 
accumulation of neutral and possibly selected DNA changes. The extent of this 
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divergence will be proportional to the time of separation. The haplotype tree or 
network of an evolving DNA sequence will reflect population expansions and 
contractions. 
 
The contractions, expansions and distant colonisations involved in these late 
Quaternary range changes would have influenced the genetic diversity, and should 
have left some signs. Low haplotype diversity and shallow clades are expected when 
populations have been severely contracted, and the age of the subsequent 
expansion may be gauged by mismatch analysis. The structure of haplotype 
networks and nested clades also provide indications of such events. So, having all 
this in mind combined with our molecular data it can be said that the moss species R. 
rugosum survived glaciation periods in various places in Europe and extended its 
ranges from these places to more than once and that survived populations mixed 
without exchanging genetical material which is in accordance with it asexual 
reproduction and no sporophyte productions. 
 
 Conclusions 
The frequent major climatic oscillations in the last 2 My caused repeated changes in 
the ranges of surviving taxa, with extensive extinction and recolonization in higher 
latitudes and altitudinal shifts and complex refugia nearer the tropics. As a result of 
these past dynamics, the genetic diversity within species can be highly structured 
spatially, with a patchwork of genomes divided by often coincident hybrid zones. 
When asexual spreading occurs this cannot be expected in such a high rate. 
The phylogeographical analysis of R. rugosum selected populations reveals an 
intriguing picture of the colonization history of this species in Europe. In Europe, R. 
rugosum probably survived the glaciation in few glacial refuges in southern Europe 
as well as in situ in Central Europe. From these refuges, major lineages re-colonised 
Europe in separate directions. According to molecular data, the Iberian Peninsula 
was one of the European refuge sites. Second and very important refuge was the 
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Balkans. The genetical structure of the Rhytidium population examined show that the 
Pyrenees range together with the Western Alps, show high genetical similarity, while 
the Eastern Alps population is more related with the Dinaric Alps population, which is 
not so close to Central Balkan populations group. Swiss population is related with the 
Vosges population, indicating that Nunatak theory should also be considered when 
explaining present phylogeographgy of the moss R. rugosum in Europe. The south 
and central France populations makes molecularly related group, the most probably 
survived the latest Ice Age somewhere there. Hungarian populations make separate 
clade, which just confirms that there was a central European micro-refuge; also know 
for some other groups of organisms and humans. The European Russian populations 
derived from the populations that survived Ice Age somewhere in the region of 
Caucasus and space between the Black and the Caspian seas.  
 
The most impressive and interesting result of genetic differences of Rhytidium 
population is the one in the western Germany. Many different haplotypes have been 
recorded there, which suggest that the region beside having refugial characteristic 
(already known for the other groups of organisms), was also the main settling route 
for colonization-decolonisation processes in the distribution history of R. rugosum in 
Europe.   
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3.5. Paper 5: 
 
 
The origin of German population of Dichelyma capillaceum inferred by trnL-F plastid 
DNA sequences (by Sabovljević, M. and Frahm, J.-P., submitted) 
110 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
 
Abstract 
 
The genetic relationships of North America, Scandinavian and the only German 
population of Dichelyma capillaceum has been studied, based on the chloroplast 
sequences of the trnL-F region. Inferred from the molecular data obtained, the 
German population has derived from Scandinavian (Swedish) rather than North 
American populations. According to the genetic distances among Swedish and 
German populations the separation must have been long time ago. 
 
Introduction 
 
The dioeceous moss Dichelyma capillaceum (Fontinalaceae) has very a scattered 
amphi-atlantic range, mainly represented in the North-Eastern part of North America 
and Scandinavia (Crum and Anderson, 1981; Ireland, 1989; Nyholm, 1960; 
Toivonen, 1972). In Europe, most of the populations are situated in southern Sweden 
(19), but are decreasing (ECCB, 1995; Hylander 1998). Further on, a very few small 
populations are known from Finland, Poland and Karelia in Russia (Kotiranta et al., 
1998). In Estonia, it cannot be refound and populations known from Danmark, Italy 
and all except one in France are assumed to be extinct (Allorge and Jovet-Ast, 1948; 
ECCB, 1995). No data on recent populations from Poland and Karelia are available. 
Each one population from Germany and from France seem to be still present. The 
records from the Netherlands, Greece and Sicily are reports from 1760, 1851 and 
1888, respectively (Touw, 1989; Preston, 1984; Dia et al., 1987), but none of these 
has been verified. So the actual centres of distributions of this rare and endangered 
species are North-eastern North America and Northern Europe.  
No data on reports of European fossil or subfossil finds of D. capillaceum has been 
found (e.g. Jovet-Ast, 1967; Dickson, 1973) and at least no Quaternary subfossils of 
this species exist from North America either (Miller, 1980; Janssens, 1983).   
 
111 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
Dichelyma capillaceum is yellowish-brown to green, medium sized pleurocarpous 
aquatic moss growing in small tufts up to 10cm long. Leaves are erect-spreading, 
slightly falcato secund and lanceolate. Nerve is excurrent in long, aristate point about 
½ the length of the leaf. The capsules are extremely rare and immersed. The species 
is almost without exception sterile in Europe, and it is suspected to have lost its 
ability to produces capsules due to declining habitat quality and frequencies of male 
plants (Hedenäs et al., 1996). Currently spreading occurred asexually with the 
fragments of the young branches. No specialized vegetative dispersal units are 
known in D. capillaceum, but possibly plants can be dispersed vegetatively, either at 
a limited locality by elongating stoloniferous shoots that are sometimes seen firmly 
attached to the substrate or, within the a water course by fragmentation (Toivonen, 
1972). There is no evidence of long distance dispersal, and the main dispersal vector 
seems to be stream water.  
It inhabits riparian habitats, growing on the tree bark and rocks.  
 
In Europe, this species is treated as vulnerable and is included in Appendix I of the 
Bern Convention and in Annex 2 of the EC Habitats and Species Directive.  
 
Dichelyma capillaceum has been found in Germany one time between Bonn and 
Cologne at the beginning of the 20th century (Brasch, 1923). The locality is ca. 1500 
km airdistance away from the main European range in Scandinavia (Sweden). Again, 
Feld (1958) cited the locality without confirming the existence of the populations and 
mentioned that there are two more literature data for the eastern Germany (Sagan 
and Westprußen), taken from Mönkemeyer (1927). The searches to find German 
populations failed over years and Düll (1980) state that the species is impossible to 
find due to change of landscape and finally considered it as extinct (Düll, 1994). The 
species was re-found in sterile stage again in 1997, more than seventy years after 
previous records (Frahm and Stapper, 1998). Even, the species is cited as 
exclusively sterile as it is mostly over all it present range in Europe, one herbarium 
specimen from 1923 bear sporophytes.  
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It is not clear weather the German population settled the present habitat by long 
distance dispersal originated from either North American or Scandinavian 
populations or was it there for a long time already.  Also, considering that species 
was not seen for the decades with sporophytes across its range, and no propagules 
for long range spreading are known, the question of the relationship of German 
population with representatives in two present centres of its distribution is raises.  
 
Phylogeographical methods have provided the opportunity to elucidate the effects of 
large-scale historical events (such as Pleistocene climate change) on the distribution 
and subdivision of biota and put into context the role of reproductive biology in the 
genetic structuring of species (Vogel et al., 1999). 
 
Material and methods 
 
Chloroplast markers are often successfully applied plant phylogeography research, 
because it is more conserved, but also have spacers and introns among genes of 
chloroplast RNAs, which are useful for studying differences both among populations 
and genera. Widely used are highly variable spacer positioned between Lysin-tRNA-
Exon trnL (UAA-3') and tRNA-Gen for Phenylanalin trnF (GAA) (eg. Taberlet et al. 
1991 und Kelchner 2000). A previous survey demonstrated that this fragment was 
likely to reveal an informative amount of diversity (Vogel et al., 1996) and has been 
shown that chloroplast is maternally (i.e. uniparentally) inherited in most plants 
(Vogel et al., 1998). 
 
DNA was extracted from herbarium specimens using 2X CTAB 
(hexadecyltrimethylammonium bromide) method as stated in Sabovljevic et al. (in 
press).   
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Amplification of the trnL-F region (Taberlet et al., 1991) was carried out using the 
forward primer C and the reverse primer F slightly modified for bryophytes according 
to Meißner et al., (1998) and Sugiura et al., (2003).  
The alignment of the sequences was created manually with the alignment editor 
Align 32 (Happerle, 2003). PAUP4.0b10 (Swoford, 2002) was used for the calculation 
of molecular trees.  
 
Maximum parsimony and likelihood as well as neighbor joining analyses were 
performed with trnL-F data sets of selected specimens and a few specimens 
borrowed from the GenBank. Heuristic search were carried out with the following 
options: all characters unweighted and unordered, multiseriate characters interpreted 
as uncertain, gaps coded as missing data, performing TBR branch swapping, 
collapse zero length branches, MulTrees option in effect. Heuristic bootstrap 
searches were performed with 1000 replicates, 100 random addition replicates per 
bootstrap replicate and the same option in effect.  
The sequences obtained for selected specimens are deposited in GenBank (Tab. 9), 
and three additional were used from the data base (AF191505, AF191506 and 
AF191504).  
 
Tab. 9. Specimens used in this study, with GenBank accession numbers: 
Species Origin GenBank Acc. No. 
Dichelyma capillaceum Sweden, Vöxjö, leg. K.Hylander   AM259337 
Dichelyma capillaceum Sweden,  Sandviken, leg. K. 
Hylander 
AM259338 
Dichelyma capillaceum Sweden, Närke, leg. L. Hedenäs AM259339 
Dichelyma capillaceum USA, Missouri, leg. B. Summers 
and C. D. Scott 
AM259340 
Dichelyma capillaceum USA, New Hempshire, leg. B. Allen AM259341 
Dichelyma capillaceum USA, Maine, leg. B. Allen AM259342 
Dichelyma capillaceum Germany, Brühl, leg. Sabovljevic 
and Frahm 
AM259343 
Dichelyma falcatum USA, from GenBank AF191505 
Dichelyma falcatum USA, from GenBank AF191506 
Dichelyma uncinatum USA, from GenBank AF191504 
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Results 
 
The results obtained in PAUP analyses clearly showed that the German population is 
distant from all the other tested populations. Since the species is quite rare and in 
danger of extinction three North European and three north-eastern North American 
populations have been chosen for comparison with the German one. Additionally, the 
trnL-F sequences of the two specimens of Dichelyma falcatum and one of D. 
uncinatum were added. 
 
The alignment was 424 bp long, consisting of 385 constant characters, 23 variables 
but parsimony uninformative and 16 parsimony informative. The trnL intron contained 
relatively only one informative site, whereas high levels of informative variation 
occurred in the trnL/trnF spacer. Two informative variations are present in trnF gene. 
The similar pattern of sequence variability is reported for the family Fontinalaceae 
(Show and Allen, 2000). Considering only the sequences of Dichelyma capillaceum, 
there have not been variations recognized within trnF sequence genes. Uncorrected 
sequence divergence among D. capliaceum specimens varied from 0.09612 to 
0.07441 (within European specimens only somewhat lower 0.08103-0.07441), while 
the divergence values among D. falcatum and D. capillaceum varied from 0.00321-
0.00773 and among D. uncinatum and D. capillaceum 0.00101-0.00211. The 
distance values among D. uncinatum and D. falcatum were 0.01256 and 0.01318. 
The highest distance value within D. capillaceum specimen comes between German 
specimen and the American Missouri specimen.  
 
Discussion 
 
According to the results obtained, inferred from the plastid trnL-F sequence region, 
the German population can be considered to be more related to the northern 
European ones than to the populations from the American continent. The same 
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patterns of trees are resulting by Maximum Parsimony (Fig. 25) or Neighbor Joining 
analyses. The German population is clustered with Swedish Göknäset population, 
from which however according to the branch length is separated for a long time. This 
clade makes a common branch with two other tested Swedish populations, which is 
clustered with the separated branch of the American populations. All are rooted with 
a branch bearing two other species of Dichelyma used in this study.  
Considering the results obtained, it can be assumed that German population is long 
time genetically separated from all the others tested and not just a result of relatively 
recent long distance dispersal. This can be explained having in mind long 
geographical isolation and non-sexual reproduction. The German population survived 
in situ or is asexually spread from some other site within sometimes wider but disjoint 
range of this species. 
 
 Several Pleistocene glacial refugia have been proposed for the European biota 
(Taberlet et al., 1998; Hewitt, 1999). The consensus from previous molecular studies 
is that taxa emerged from one or more of three southern European main lands 
(Iberia, Apeninne and Balkans) following the last glacial and presumably also during 
interglacials. However, congruence in phylogeographical patterns is observed only 
on a broad scale and most taxa show distinctive patterns of genetic diversity 
throughout Europe. Molecular and fossil evidence also indicates that some tree 
species such as common beech (Demesure et al, 1996), black alder (King and Ferris, 
1998) and Scots pine (Sinclair et al., 1999) survived the Pleistocene in relatively 
northern locations (i.e. close to the periglacial zone).  
 
Schneller (1996), Vogel et al., (1999), Suter et al. (2000) and Trewick et al. (2002) 
showed that low genetic variability is suggestive for recent expansion. 
Considering that the German population shows a genotype different from the 
American ones, and is slightly different but genetically distant from Scandinavian 
populations, it can be assumed that it originated from Scandinavian one and that its 
expansion has occurred relatively recently having in mind sterility, German 
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population size and no propagules for short or long distance dispersal. Species 
inhabits riparian habitats over its range and in the North America it spreads disjoint 
from the boreal till the subtropical climate zone always decreasing towards to south. 
According to this, in European part one would be expected more records southern of 
the Scandinavia. This fact plus molecular data obtained, inferred that Scandinavian 
representatives probably have ancestors and in America, where the centre of the 
range for the genus Dichelyma is. German population spread southern by long 
distance dispersal originated from some Scandinavian ancestor. Since, German 
population has different genotype and is according to the branch length relatively 
long separated from the Scnadinavian populations to which is related, it can be 
assumed that German population is isolated from Scandinavian for over 100 years 
since the time of its establishment. The species is known to have small spores, it is 
not excluded that the long distance dispersal has occurred with the spores once upon 
a time when the sporophyte production was still common.      
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Fig.25. The most parsimonious tree of selected Dichelyma populations with the 
bootstrap values above branches. 
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4.0. DISCUSSION 
 
Molecular data give the evidence that there is no genetic exchange among 
population of Campylopus oerstedianus in Europe. The population from the Northern 
Greece form separate clade and thus inferred to be genetically isolated from the rest 
of European populations for a long period. The populations from the Southern Alps 
are connected with the western European populations but form a separate branch.  
 
Therefore, it can be concluded that all European population formed once a 
continuous range, and the present distribution is composed by remnants of former 
continuous range. Due to sterility of this species, its populations in Europe could not 
have genetical exchange, which can be the reason for their phylogeographical 
isolation and its high genetic distances. However, the populations from the Massif 
Central and the Vosges Mts. root together and have somewhat smaller genetic 
distances compared to other populations in Europe and thus indicate more recent 
separations. According to the molecular tree it can be concluded that this population 
possibly derived from the Spanish populations in the Pyrenées, and that it is rather 
the result of recent long distance spreading events.  
 
Due to the sterility of the species, vegetative propagation must be taken into account, 
which to our observation can happen in this species by means of detached stem and 
leaf tips. This would reveal the potential of long distance dispersal by relatively large 
diasporas. It is supported by the fact that the populations in Central and North 
Eastern France are along the route of the prevailing SW-winds. Unfortunately we 
have no evidence for a determination of the time, when this dispersal happened. If 
we assume that the separation of the Swiss and French populations happened as a 
result of the last Ice Age, the dispersal to the North took place in the postglacial 
period, perhaps during the postglacial climatic optimum 8000 yrs. b.p. It could also be 
that the separation of the populations in the Pyrenées and the Southern Alps 
119 
 
Genetic distances and phylogeography of selected disjunct moss populations in Europe 
Marko Sabovljević 
 
  
 
happened already earlier. In this case the spreading to Central and north-eastern 
France could also have happened earlier, perhaps even before the last Ice Age. 
 
The possibility of a dispersal from the Pyrenées could be considered as the most 
appropriate explanation for the phylogeography of C. oerstedianus in Europe since 
there are examples that long-distance dispersal in bryophytes is present by winds, 
storms, water flows and other means (Muñoz et al. 2004). Species with highly 
disjunct distribution have caused controversy, however, because long-distance 
migration is thought to be rare (Nathan 2001). Several studies suggest that long-
distance dispersal of spore may be more common than previously appreciated 
(James et al. 2001; Skotnicki et al. 2001; McDaniel and Shaw 2003). However, 
empirical estimates of central parameters, such as rates of migration and colonization 
are still lacking (Husband and Barrett 1996). In Campylopus, some atypical 
spreading by detached leaf tips or part of gametophytes seem to be the most 
probable propagules for dispersal. Although the predominant means of long-distance 
dispersal is presumably accomplished by spores (Mogensen 1981; Bremer and Ott 
1990; Miles and Longton 1992), some authors suggest gametophyte fragments 
(Miller and Ambrose 1976; During 1997; McDaniel and Miller 2000) or specialized 
asexual reproductive structure (Kimmerer 1994) to be responsible for long-distance 
dispersal in some smaller scale. 
 
According to our molecular data, it can be considered the oldest populations are 
those in the Pyrenées and in northern Greece. The “p” distance analyses of selected 
population support the trees. The Greek population has the lowest similarity to all the 
others (73.2-79.2%), while the greatest similarity showed to be between the two 
Pyrenées populations (91.8%) and the two Vosges populations (93.6%). 
 
The data gained from selected population of Hilpertia velenovskyi show that the 
Rheinhessen population from Western Germany is genetically quite distinct from the 
populations in Eastern Germany, Hungary or Serbia. The rather strong genetic 
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isolation of the population from Western Germany can be explained by a long period 
without gene exchange. This could be the case in a relict population of the last Ice 
Age, 13.000 years ago. It has to be considered, that H. velenovskyi as a cold loess 
steppe species could have been part of the flora in Central Europe during the last Ice 
Age. At that time, similar habitats were provided for the species as nowadays in 
Siberia or Ellesmere Island. Furthermore, loess was deposited in that time and loess 
cliffs persisted since that time, providing a constant habitat for bryophytes over the 
time. 
 
Also, the presence of H. velenovskyi in Rheinhessen, can be explained by long-
distance dispersal from somewhere inside or outside Europe. According to the tree 
and branch length of Chinese population, the Rheinhessen population is not related 
to the latter. The latter hypothesis would be supported by the fact that Hilpertia is 
known in Rheinhessen from only one locality and only recently discovered. On the 
other hand, a long distance dispersal seems unlikely, since the next populations are 
in the Caucasus, Mongolia and Siberia, thus quite distant and situated against the 
prevailing wind system. However, this possibility should not be completely excluded 
since there are examples that long-distance dispersal in bryophytes are present 
where unexpected by wind, storms, water flows and other means (Muñoz et al., 
2004). Species with highly disjunct distributions have generated controversy, 
however, because of long-distance migration is thought to be rare (Nathan, 2001).  
 
Several studies suggest that long-distance dispersal of spore may be more common 
than previously appreciated (James et al., 2001; Skotnicki et al, 2001; McDaniel and 
Shaw, 2003). However, empirical estimates of central parameters, such as rates of 
migration and colonization are still lacking (Husband and Barrett, 1996). In Hilpertia 
case, the spores are 10–12 µm in diameter and finely papillose, which seems to be 
the most probable propagules for dispersal. Although the predominant means of 
dispersal on a local scale may be by gametophyte fragments (Miller and Ambrose, 
1976; During, 1997; McDaniel and Miller, 2000) or specialized asexual reproductive 
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structure (Kimmerer, 1994), most long-distance dispersal is presumably 
accomplished by spores (Mogensen, 1981; Bremer and Ott, 1990; Miles and 
Longton, 1992). Consistent with some spores travelling long-distances, van Zanten 
(1978) found a strong positive correlation between spore longevity and size of 
distribution area. Moreover, the spore germination studies of van Zanten (1978) show 
that species with broad distribution often have spores tolerant to long storage and 
temperature extremes. The correlation between distributional area and spore 
tolerance may underlined by additional habitat correlates such as the substrate. In 
the case of H. velenovskyi, it is strictly restricted to the specific habitat of loess cliffs 
(e.g. Pócs, 1999; Pócs et al., 2002; Pócs et al., 2004; Kürschner and Wagner, 2005) 
A low variability of genetic data for Bryum argenteum Hedw. and Ceratodon 
purpureus (Hedw.) Brid. reveal large-scale population structure, suggesting frequent 
long-distance dispersal in these species (Miller and McDaniel, 2004). This is not the 
case in H. velenovskyi.  
 
All other European populations are more or less related. The population tested from 
Vojvodina (Serbia) shows great similarity with south Hungarian population, while the 
north Hungarian population clusters with the population from East Germany. Two 
German populations are clearly genetically distinct and of different origin. 
 
The results obtained for the selected Isothecium holtii populations show that there is 
high genetic variation among them. This might be a result of lacking gene exchange 
caused by sterility of the populations and might reflect the scattered distribution of the 
species and the fact that we have even within the main range no real closed range 
but several isolated occurrences instead.   
 
The tree shows that all three species, I. holtii, myosuroides and alopecuroides are 
well separated. Isothecium holtii is rooted together with I. myosuroides, thus showing 
a closer relationship to the latter than to I. alopecuroides. The analysis revealed that 
Isothecium holtii is a good species and not a variety as suggested by previous 
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authors. The closer relationship of I. holtii to I. myosuroides compared to I. 
alopecuroides is in accordance with the opinion of older authors such as 
Mönkemeyer (1927) and Nyholm (1954 ff.). However, the molecular evidence is in 
contrast to its morphology, as I. holtii resembles more I. alopecuroides in its robust 
appearance and leaf shape. 
 
The populations of I. holtii from the Harz Mountains are from two different valleys. 
Interestingly, both are neither identical nor do they cluster in one branch but group 
together with populations from Ireland and Wales. This indicates two different 
dispersal events by spores from Western Europe probable. The French populations 
in Brittany and the Massif Central root together and thus seem to be of a common 
origin. They also root together with the populations in Britain and Ireland, which 
indicates that gene exchange sometimes in the past. The two populations of I. holtii 
from the Eifel Mountains (Rurtal near Aachen) in Germany are basal to and isolated 
from all other studied populations of I. holtii. This pattern favours the hypothesis 
these populations are a relict of a previous wider distribution in Western and Central 
Europe.  
 
The results of our study indicate that both the relict and the dispersal hypothesis may 
account for the occurrences of I. holtii in continental Europe. The Harz-German 
populations clustering with those from Western Europe are consistent with a 
hypothesis of relatively recent dispersal. These are the easternmost populations in 
Germany, and may never have been part of a continuous range in earlier climatic 
periods. Our data indicate that long-range dispersal is possible in this species, 
despite lack of vegetative propagation and rare sporophyte production. These 
considerations are supported with the fact that this species was recently found in 
Morocco and Turkey. 
 
According to molecular data from selected populations of Rhytidium rugosum it 
seems to be that central Spanish populations are long time isolated from other south 
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European populations, and that these populations have been established during 
Pleistocene but did not spread in the Holocene. The Northern Spanish populations 
are related with populations from the Pyrenées, adjacent regions and the Western 
European Alps. The Eastern European Alps population has a sister population in the 
continuing range of the Dinaric Alps. The Serbian populations are clustered with 
Bulgarian population and form the Central Balkan group. 
 
In France, there are two groups of haplotypes expressing potential migration routes 
from the Pyrenees and Switzerland. The Western German populations comprise 
three quite different haplotypes expressing the possibility of west European refugia of 
R. rugosum. However, due to the high variability and quick evolution in the nrITS 
region used in these study, the absence of sexual reproduction and gene flow this 
refugial consideration should be drawn carefully since there was the highest 
sampling resolution in Western Germany, which makes any explanation more 
difficult.  
 
Generally, where genomes from two or more refugia come together, the genetic 
diversity will be increased by the presence of diverged survived lineages, as seen in 
hybrid and suture zones. Two populations with no inbreed event, living in the same 
region in similar habitats, but from different colonizing refugia will possess very 
different alleles and genomes, while conversely two very distant populations in 
distinct habitats may have the same refugial genome. This points to the importance 
of population history in the process of postglacial adaptation, and our understanding 
of it. So, it can be considered that western Germany has relic populations as well as 
ones lately settled during their migrations from southern refugia. Also, there is 
molecular evidence that some parts of Germany were so called northern refugia for 
some other groups of organisms (e.g. Hänfling et al, 2002; Pinceel, 2005). Besides, 
some regions like Belgian Ardennes, SW England, NE Hungary, SW Ireland, NW 
Scotland and W Slovakia are known as cryptic refugia (Stewart & Lister, 2001) where 
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also fossil evidence suggests survival of some tree and mammal species. These 
might hypothetically places for survival of some moss populations, as well.  
The populations from European Russia according to nr ITS all derives from the 
refugial site situated in Caucasus region.  
 
The Balkan populations provided a main genomic source for postglacial 
colonisations, probably due to the deep canyon passes directed south-north. Less 
came from Iberia and Italy probably hindered by the ice-capped and hardly to pass 
Pyrenées and Alps (Hewitt, 2004). 
 
Many European species phylogeographies are emerging and a considerable number 
broadly show these distribution patterns and probably followed similar colonization 
routes despite differences in their niche, mobility and life history. This apparent and 
remarkable commonality would seem to be a result of colonization following 
postglacial climate change in Europe's particular geography of southern peninsulas, 
transverse mountain ranges and northern plains. It demonstrates the explanatory 
power of combined phylogeography and paleoclimatology. 
 
During the Last Glacial Maximum (23-18 kyr) the ice sheets and permafrost extended 
towards lower latitudes, so that species ranges were compressed toward the 
equator. The boreal species survived south of the ice in North America and Europe, 
but large areas of the north eastern Palearctic and Beringia remained ice free and 
some cold-hardy species appear to have survived here. Temperate species survived 
further south, where habitats occurred to which they were already adapted. In Europe 
the disjunct southern peninsulas of Iberia, Italy and Balkans were particularly 
important, while in North America many temperate locations occurred around 40°N 
between the East and West coasts (Hewitt, 2004b). All this is in accordance with our 
data for the moss R. rugosum.  
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As a consequence, the habitats of many boreal, temperate and tropical species were 
reduced and fragmented and they survived in refugia; but for some their habitats 
expanded, like those from the tundra and savannah. As the climate warmed up after 
the latest glacial maximum and the ice retreated, many boreal and temperate species 
were able to expand their ranges, as were some tropical species. In some cases the 
refugial populations died out, but particularly in mountainous regions they could 
survive by ascending with the climate and their niche, as for example in the Alps, 
Andes, Appalachians and Arusha mountains. Such refugial regions allow the survival 
of species through several ice age cycles by ascending and descending to track their 
habitat, e.g. (Hewitt, 2000).  
 
Distribution dynamics caused be glaciation-interglaciation cycling events modify the 
genetic content and structure of populations within species, and leave some traces 
for which we may search. Populations, races and subspecies that have been 
effectively separated for several glacial cycles will show divergence through the 
accumulation of neutral and possibly selected DNA changes. The extent of this 
divergence will be proportional to the time of separation. The haplotype tree or 
network of an evolving DNA sequence will reflect population expansions and 
contractions. 
 
The contractions, expansions and distant colonisations involved in these late 
Quaternary range changes would have influenced the genetic diversity, and should 
have left some signs. Low haplotype diversity and shallow clades are expected when 
populations have been severely contracted, and the age of the subsequent 
expansion may be gauged by mismatch analysis. The structure of haplotype 
networks and nested clades also provide indications of such events. So, having all 
this in mind combined with our molecular data it can be said that the moss species R. 
rugosum survived the last periods during glaciation in various places in Europe and 
extended its ranges from these places more than once and that survived populations 
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mixed without exchanging genetical material which is in accordance with it asexual 
reproduction. 
 
The amphi-atlantic ranged rare riparian species Dichelyma capillaceum occurs only 
once in Germany. Considering the results obtained, it can be assumed that the 
German population is long time genetically separated from all the others tested. This 
can be explained by the long geographical isolation and non-sexual reproduction. 
The German population survived in situ or is asexually spread from some other site 
within the wider but disjoint range of this species. 
 
Considering that the German population shows a different genotype from the 
American ones, and is slightly different but genetically distant from Scandinavian 
populations, it can be assumed that it originated from the Scandinavian one and that 
its expansion has occurred relatively recently with respect to its sterility, German 
population size and no propagules for short or long distance dispersal. Having in 
mind that species inhabit riparian habitats over its range and that in the North 
America it ranges from boreal till subtropical climate zones, it can be assumed that 
Scandinavian representatives probably have its ancestors in America, where the 
centre of the range for the genus Dichelyma is. Since, German population has 
different genotype and is according to the branch length relatively long separated 
from the Scnadinavian populations to which is related, it can be assumed that 
German population is isolated from Scandinavian for over 100 years since the time of 
its establishment. The species is known to have small spores, it is not excluded that 
the long distance dispersal has occurred with the spores once upon a time when the 
sporophyte production was still common.           
 
The frequent major climatic oscillations in the last 2 My caused repeated changes in 
the ranges of surviving taxa, with extensive extinction and recolonization in higher 
latitudes and altitudinal shifts and complex refugia nearer the tropics. As a result of 
these past dynamics, the genetic diversity within species can be highly structured 
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spatially, with a patchwork of genomes divided by often coincident hybrid zones. 
When asexual spreading occurs this cannot be expected in such a high rate. The 
phylogeographical analysis of moss species populations selected in these studies 
reveals an intriguing picture of the colonization history of mosses in Europe. 
According to the biology of species examined they survived as well in few other 
glacial refuges in southern, western and/or Central Europe. From these refuges, 
major lineages re-colonised Europe in separate directions. According to the 
molecular data, the Iberian Peninsula and the Balkans were ones of the European 
southern refuge site. The genetical structure of the moss population examined show 
that the Pyrenees range together with the Western Alps, show high genetical 
similarity, while the Eastern Alps population is more related with the Dinaric Alps 
population, which is not so close to Central Balkan populations group. The data 
analysed showed that among asexual moss species there are high genetical diversity 
and high genetic distance are present. However, the geographically distant 
populations with low genetic distance inferred from molecular give the evidence that 
long-distance dispersal among bryophytes are presented more often presented event 
than previously predicted even where there no obvious propagules are produced and 
where there are no obvious vectors for long distance spreading. 
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5.0. CONCLUSIONS 
 
From the molecular data obtained, from the dispersal strategies of the species and 
from the geographical interpretations, the following conclusions can be drawn: 
 
1. Both, long distance dispersal and relicts are responsible for the present 
distribution of the species studied.  
2. The basal position of the southern and western European populations in 
species like Campylopus oerstedianus and Isothecium holtii supports the 
refugial hypothesis during the last Ice Age, from which the species established 
populations in Central Europe by long distance dispersal. The site of 
Dichelyma capillaceum in Germany has originated from the Scandinavian 
population by long distance dispersl, too.   
3. In case of Hilpertia velenovskyi and Rhytidium rugosum, persistence 
during and since the last Ice Age in Central Europe can be postulated. 
 
Long-distance dispersal is possible in the species studied, although they are sterile at 
present and lack specialized brood bodies. It can only be explained by the fact that 
fragments of plants can serve even for long distance dispersal. 
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6.0. SUMMARY 
 
Disjunct ranges are a common phenomenon in bryophytes. To test, whether these 
disjunctions are the result of the former continuous ranges (and therefore relicts) or 
the result of long-distance dispersal (and therefore result of spreading), five moss 
species were chosen for a case study: Campylopus oerstedianus, Hilpertia 
velenovskyi, Isothecium holtii,  Rhytidium rugosum and Dichelyma capillaceum 
 
Also, the problem of genetic diversity within the species morphologically not very 
variable species in space and time has been studied.  
 
For the determination of genetic distances between populations, the variation of the 
nuclear ribosomal non coding DNA region of the Internal Transcribed Spacer (ITS) 
and trnL-F region of the chloroplast DNA was used.  
 
Campylopus oerstedianus has a scattered circum tethyan distribution ranging from 
Costa Rica to Georgia, the Pyrenees, the Southern Alps and northern Greece. It is 
worldwide sterile and can propagate only vegetatively. In addition it is found in the 
Massif Central and the Vosges, in France. The molecular results showed that the 
populations in the Pyrenees, Southern Alps and Greece have no genetic exchange 
and are possibly separated for long time. The disjunct populations in France are 
clustering with the population in the Pyrenees and are therefore possibly derived 
from the latter. The Greek population is highly isolated and genetically unrelated to 
the other European populations of C. oerstedianus, which counts for a very long 
isolation.   
 
Hilpertia velenovskyi is mainly a species of cold loess steppes in inner Asia. It is also 
found in Europe on loess cliffs from southern Poland to northern Serbia. It was 
recently discovered in Germany (Saxony and Rhinehessia). The molecular tree 
shows that Saxonian population is related to the Czech and both cluster with all other 
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European populations except that from Rhinehessia. The latter is totally isolated also 
from a Chinese one, which means that it has spread from somewhere else, probably 
from some populations, which were not included in the study, or it has to be 
interpreted as a result of long lasting isolation since the last Ice Age. The continuity of 
the habitat (loess cliff), however support this hypothesis. It would be the first 
molecular proof of a glacial relict among bryophytes. 
 
Isothecium holtii has been regarded either as good species, dubious species, or as a 
variety of either I. alopecuroides or I. myosuroides. Its distribution range includes the 
British Isles, western France and western Norway, with disjunct occurrences in 
Central Europe and Turkey. A molecular study was designed to clarify the taxonomic 
position of this taxon as well as to assess whether the disjunct populations in 
Germany are a result of recent migration or whether they are relicts of a wider 
distribution in more humid climatic periods. The analysis of nuclear ribosomal DNA 
sequences (ITS) revealed that Isothecium holtii is a good species, and that it is closer 
related to I. myosuroides than to I. alopecuroides. The disjunct populations in 
Germany are heterogenous. Two from the Harz Mts. cluster with different populations 
in Western Europe, indicating independent dispersal events, whereas another from 
the Eiffel Mts. is genetically isolated, indicating a long separation and a relict. The 
populations in Brittany and the Massif Central in France are genetically related but 
rooted with the populations from Britain and Ireland and indicate that they are relicts 
of a former continuous range. 
 
 
The boreal moss R. rugosum, today widely but scattered spread over Europe, is 
considered to be a glacial relict of its wide but scattered Holarctic range. Due to 
molecular data, it survived glaciation in southern European refugia, but also in some 
regions of central and Western Europe. According to haplotypes distinguished in 
Europe, the species range is a result of migrations, range extension, colonization and 
spreading events. However, some relic haplotypes remain within some regions of 
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Europe. The species extremely rarely produces spores and spreads mainly 
vegetatively. The geographical regions of higher genetic diversity among populations 
can be the regions where some relic haplotypes survived and afterwards were settled 
by some other haplotypes during migrations, as well.  South-western and western 
Germany is determined as one of these regions in Europe. According to molecular 
data sampled from selected European, American and Asian populations, a high 
genetic diversity of this species is present although it is mostly sterile.   
 
Dichelyma capillaceum is a rare and protected pleurocarpous moss from riparian 
habitats with scattered amphi-atlantic distribution. The European center of its 
distribution is concentrated within Scandinavia with 85 populations mostly in Sweden. 
Outside Scandinavia two further populations are still present in Europe (in W. 
Germany and NW France). It is sterile although there are a few rare old records with 
sex organs or sporophyte from herbaria. 
The German population of D. capillaceum is genetically long time separated but 
originated from some ancestor from Scandinavia. According to the genetical data 
obtained it is rather result of relatively recent long distance dispersal event than of 
relict origin. Due to bio-geographical and molecular data, it can be assumed that the 
Scandinavian populations derived from North American. This can be proved by the 
fact that genetic variation among European populations studied is lower compared to 
all studied populations, which means a longer existence of American populations. It 
is furthermore is supported by the fact that Atlantic North America is centre of species 
diversity of the genus Dichelyma.  
 
From the molecular data obtained, from the dispersal strategies of the species and 
from the geographical interpretations, the following conclusions can be drawn: 
 
4. Both, long distance dispersal and relicts are responsible for the present 
distribution of the species studied.  
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5. The basal position of the southern and western European populations in 
species like Campylopus oerstedianus and Isothecium holtii supports the 
refugial hypothesis during the last Ice Age, from which the species established 
populations in Central Europe by long distance dispersal. The site of 
Dichelyma capillaceum in Germany has originated from the Scandinavian 
population by long distance dispersl, too.   
6. In case of Hilpertia velenovskyi and Rhytidium rugosum, persistence during 
and since the last Ice Age in Central Europe can be postulated. 
7. Long-distance dispersal is possible in the species studied, although they are 
sterile at present and lack specialized brood bodies. It can only be explained 
by the fact that fragments of plants can serve even for long distance dispersal.  
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